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Abstract 
Poly(vinylidene fluoride) (PVDF), a semi-crystalline polymer with a range of interesting properties, 
shows potential to be used in a variety of technological applications. Our previous research showed 
that PVDF can be utilized in the thermoset composite welding (TCW) technology. Viscoelasticity is 
a very important property for the application of polymers. Therefore, the characterisation of 
viscoelastic behaviour is necessary for PVDF used in TCW technology. Nanoindentation provides a 
good evaluation method for this purpose. One advantage of the nanoindentation is that this test can 
tell the local information of the materials, which can better reflect the intrinsic properties of the 
materials than the traditional macro-test, which may be affected by the factor like, purity of the 
materials, sample size and shape etc. The results of the viscoelastic behaviours characterised by 
nanoindentation showed that the creep would be a concern for PVDF used in TCW technology, and 
the improvement of the creep resistance would benefit a lot for PVDF used in TCW technology. 
Detail results and discussions about the viscoelastic behaviour by nanoindentation test are given in 
Appendix A. Therefore, the reinforcing of PVDF was necessary for PVDF used in TCW technology, 
especially the improvement of the creep resistance.  
The reinforcement effect can be achieved by the introduction of a second phase, and the 
introduction of nanofillers shows promising future due to the huge surface area, high aspect ratio, 
and better mechanical properties compared with its peer in micro-scale. Therefore, in this research, 
the nanofillers were chosen as the candidate to improve the properties of PVDF. To screen the best 
nanofiller candidate, four different types of nanofillers (layered silicates, carbon nanotubes, 
microcrystalline cellulose, halloysite nanotubes) were used. At the same time, a 3D network was 
formed by layered silicates and carbon nanotubes to observe if the synergistic effect exists. The 
effect of those nanofillers on the structures and properties of PVDF was investigated. The final 
results showed that carbon nanotubes were the best candidate due to the better performance of the 
creep resistance, simplicity in composition, and less possible side-effect used in TCW technology. 
Therefore, carbon nanotubes were chosen as the nanofillers to reinforce PVDF. 
To further improve the creep resistance, the improvement of the stress transfer from PVDF matrix 
to carbon nanotubes is necessary. To achieve this, novel “bud-branched” nanotubes, carbon 
nanotubes decorated by metal particles, were fabricated. The successful fabrication of the bud-
branched nanotubes may not only just help the control of the stress transfer, but also give a chance 
to clarify some fundamental issues for nanocomposites. Therefore, except the creep behaviour of 
PVDF nanocomposites with carbon nanotubes and bud-branched nanotubes, the other effects by the 
bud-branched nanotubes, like effect on the rheological behaviours, crystalline structures, fracture 
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behaviours and final properties were also investigated. Results showed that a distorted strain field 
existed around the restricted buds on the surface of carbon nanotubes during dynamic rheological 
test, which showed higher improvement of the storage modulus and normal force compared with 
carbon nanotubes at the melt state. At the same time, for PVDF/bud-branched nanotubes 
nanocomposites, a significant improvement in the fracture toughness was observed compared with 
PVDF carbon nanotubes nanocomposites. This showed a way to overcome the traditional drawback 
to reinforce soft material by rigid fillers, which showed improvement of the stiffness and strength at 
the cost of dramatic decrease of fracture toughness. 
The decoration of the metal particle on the surface of carbon nanotubes showed better reinforcing 
effect compared with the virgin carbon nanotubes, which was proven by higher Young’s modulus 
and storage modulus for bud-branched nanotubes compared with virgin carbon nanotubes. However, 
for the creep resistance, positive effect by the surface decoration of metal particles existed just at 
low temperature and low stress level. Burgers’ model and Findley power law were employed to 
model the creep behaviour, and both were found to agree quite well with the experimental data. The 
relationship between the structures and properties was analysed based on the parameters of the 
simulation. Eyring rate model was used to model the creep behaviour too, which did not show the 
suitability to be used for PVDF and PVDF with 5 wt% carbon nanotubes. However, for PVDF with 
5 wt% bud-branched nanotubes, it worked very well. PVDF with 5 wt% carbon nanotubes was 
chosen as the final modified film used in TCW technology because it showed higher improvement 
of the creep resistance compared with its peer bud-branched nanotubes at high stress level and high 
temperature.  
The modified PVDF by carbon nanotubes with improved creep resistance showed worse 
performance in term of tensile shear strength in TCW technology compared with pure PVDF 
prepared by same condition. This is due to the incompletions of welding surfaces that obtained at its 
optimal welding condition. This conclusion can be supported by the improved performance in TCW 
technology with higher welding temperature and longer welding time. The fracture surface analysis 
also showed similar fracture behaviour for pure PVDF and modified PVDF at the co-curing 
interface (between thermoplastic film and composites). The co-curing interface was considered to 
be the key factor for the bonding properties between composites and the thermoplastic film. All 
those information suggests that the modified PVDF has the potential to perform similar in the TCW 
technology if the problem of the welding interface is solved. 
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Chapter 1 Introduction 
1.1 Motivation 
The current practical joining technology used in thermosetting composites includes 1) mechanical 
fastening and 2) adhesive bonding. Most thermosetting composite components are still assembled 
using mechanical fasteners. However this technology presents a number of problems. It is 
expensive due to the extensive labour cost involved. Holes drilled in the composites result in stress 
concentrations and fibre breakage [1], which reduces the overall strength of the part. Despite the 
extensive implementation of automated fastening machines, mechanical fastening is still 
comparatively slow and requires expensive fasteners which add unnecessary weight. Adhesive 
bonding using mainly epoxy adhesive is another technique to assemble composite parts. 
Traditionally, thermosetting adhesives are used for the joining of aerospace-grade thermoset 
composites, and rivets are often used to secure the strength and the tenability of the structure at 
locations where peel-forces can occur. However, the use of these adhesives on cured thermoset 
composites requires extensive surface preparation to ensure a chemical and/or mechanical surface 
bond, and the curing cycle of these adhesives is generally lengthy. Therefore, the use of 
thermosetting adhesives is a time-consuming and costly process. Adding rivets in composites 
components requires drilling through the composites. This causes fibre breakage that can trigger 
delaminations and cracks, and adds weight to these lightweight structures which also increases the 
total production costs.  
Thermoset adhesives remain the most commonly used method in composite joining technology. 
However, thermoplastics offer one important advantage: a wide range of short cycle joining 
possibilities. The main advantages of thermoplastic welding over thermosetting adhesive bonding 
methods are: minimal surface preparation, short process cycle time and indefinite shelf life at room 
temperature. Due to those advantages, thermoplastics were used to join composites. Thermoset 
composite welding (TCW) technology based on thermoplastics was developed based on this 
concept. TCW technology is a patented technology, developed by the Cooperative Research Centre 
for Advanced Composite Structures (CRC-ACS) [2]. In the TCW process, a special layer of 
thermoplastic is incorporated in the surface of components to be joined during layup. The 
thermoplastic and thermoset polymers intermingle before the cure is completed, which provides a 
strongly attached thermoplastic surface on the thermoset composite laminate. In the subsequent 
welding process, these laminates can be rapidly joined, giving a robust joint with less sensitivity to 
aggressive environments than adhesive bonded joints. Please refer to chapter 4 for the detailed 
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procedures of TCW technology. The poly(vinylidene fluoride) used in TCW technology is found to 
be compatible and shows remarkable performance with most aerospace grade epoxy systems [3].   
Poly(vinylidene fluoride) is the addition polymer of 1,1-difluoroethene, commonly known as 
vinylidene fluoride and abbreviated as VDF or VF2. The formula of the repeat unit in the polymer 
is [CH2–CF2]n. The preferred acronym for the polymer is PVDF, but the abbreviation PVF2 is also 
used frequently. (Note: PVF is the accepted acronym for poly(vinyl fluoride), [CH2-CHF]n) [4]. 
PVDF is sold under a variety of brand names including Hylar (Solvay), Kynar (Arkema) and Solef 
(Solvay). PVDF is a partially crystalline, linear hydrofluorocarbon polymer that contains 59.4 wt% 
fluorine and 3 weight percent hydrogen. It has a low density (1.78g/cm
3
) and low cost compared 
with the other fluoropolymers. Its degree of crystallinity can vary from 35% to more than 70% 
depending on the method of preparation and thermomechanical history, which greatly affects its 
toughness and mechanical strength as well as its impact resistance. 
Viscoelasticity is the property of materials that exhibits both viscous and elastic characteristics 
when undergoing deformation, which is a very important property for the application of polymers. 
Therefore, the characterisation of viscoelastic behaviour is necessary for PVDF used in TCW 
technology. Nanoindentation provides a good evaluation method for this purpose. One advantage of 
nanoindentation is that this test can tell the local information for the materials, which can better 
reflect the intrinsic properties of the materials than the traditional macro-test, which may be affected 
by factors such as, purity of the materials, sample size and shape etc. The characterisation of 
viscoelastic behaviour by nanoindentation showed that creep behaviour would be a serious concern 
for PVDF used in TCW technology due to the nature of thermoplastic, and the improvement of 
creep resistance would greatly benefit PVDF used in TCW technology. Detail results and 
discussions about the viscoelastic behaviour by nanoindentation test are given in appendix A. 
Normally the reinforcement effect can be achieved by the introduction of a second phase. The 
addition of nanofillers to form nanocomposites has a promising future due to their better mechanical 
properties, huge interface, aspect ratio, and possible nano-effect, which has made nanocomposites a 
“hot topic” in the last two decades. Therefore, in this research, nanofillers were chosen to reinforce 
PVDF, especially to improve creep resistance. Nanocomposites theoretically promise substantial 
improvements in mechanical properties at very low filler loadings. However, with the exception of 
reinforced elastomers, nanocomposites have not lived up to expectations [5]. Therefore, in addition 
to the focus on the mechanical properties of nanocomposites, this thesis systematically studied the 
structures of nanocomposites, to help clarify the fundamental issues about the reinforcement of 
nanocomposites. 
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1.2 Objectives  
The objective of this thesis was to understand the viscoelastic behaviour of PVDF by 
nanoindentation. Further, nanofillers were added to improve the properties of PVDF, especially 
creep resistance, which was to develop a modified PVDF with improved creep resistance by the 
introduction of nanofillers, and to improve the creep resistance for PVDF used in TCW technology. 
At the same time, the relationship between the structures and properties of PVDF nanocomposites 
was investigated. This is to help us understand the fundamental issues for the reinforcement of 
nanocomposites, and show possible ways of controlling the structures to achieve the desired 
properties of nanocomposites.  
Based on the above purposes, the following objectives were defined: 
1) The investigation of the visocelastic behaviour of PVDF by nanoindentation. To better 
understand viscoelastic properties, two different kinds of polymer: poly(methyl methacrylate) 
(PMMA, amorphous polymer), and epoxy (cross-linked polymer) were compared. 
2) The selection of suitable nanofillers to reinforce PVDF. 
3) The further optimisation of the properties for the selected PVDF nanofiller nanocomposites 
4) The systematic characterisation of PVDF nanocomposites. This was to understand the 
fundamental issues for PVDF nanocomposites. 
5) The modelling of the creep behaviour for PVDF and its nanocomposites. This was intended to 
help understand better the creep behaviour of PVDF and its nanocomposites, the relationship 
between the structure and creep properties, and to predict long term creep behaviour. 
6) The application of the modified PVDF with improved creep resistance in TCW technology. 
1.3 Outline 
The thesis is structured as follows: 
Chapter 2 deals with the characterisation of the viscoelastic behaviour of PVDF by nanoindentation.  
Chapter 3 addresses the effect of different nanofillers on the structures and properties of PVDF 
nanocomposites. The main purpose of this section was to choose the best nanofillers to improve the 
creep resistance of PVDF. 
Chapter 4 discusses the research regarding PVDF nanocomposites with carbon nanotubes and “bud-
branched” nanotube nanocomposites. The main purpose of this section was to further optimise the 
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properties, especially creep resistance, of PVDF carbon nanotube nanocomposites (selected 
nanofillers to reinforce PVDF based on the results of chapter 3) by the control of the morphology of 
carbon nanotubes.  
Chapter 5 deals with the research regarding the application of the carbon nanotube modified PVDF 
in TCW technology. This work was to assess the potential for the modified PVDF with improved 
creep resistance for use in TCW technology.  
Chapter 6 presents the conclusion and suggestions for future research. 
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Chapter 2 PVDF nanocomposites (screening of suitable 
nanofillers) 
2.1 Literature review 
2.1.1 Background 
Normally, plastics alone can often not provide enough strength for structural applications. 
Reinforcement is needed to provide strength and rigidity. The reinforcement effect can be achieved 
by the introduction of a second phase, such as in the reinforcing of mud bricks using straw since 
about 4000BC [1]. The most successful recent example is fibre reinforced plastics (FRPs), which 
are a composite material made of a polymer matrix reinforced with fibres. The fibres are usually 
fibreglass, carbon, or aramid, while the polymer is usually an epoxy, vinylester or polyester 
thermosetting polymers. FRPs are commonly used in the aerospace, automotive, marine, and 
construction industries. The reinforcing fibre or fabric provides strength and stiffness to the 
composite, whereas the matrix gives rigidity and environmental resistance. Reinforcing fibres are 
found in different forms, from long continuous fibres to woven fabric to short chopped fibres and 
mat. Each configuration results in different properties. The properties strongly depend on the way 
the fibres are laid in the composites. 
Normally, these conventional fillers are typically on the meso-scale with diameters of tens of 
micrometers and lengths of the order of millimetres [1, 2].  Now, with the emergence of nanometre-
sized particles (such as platelets, fibres and tubes), the probability of a second revolution in 
composites is high [3], especially since reports by Toyota researchers revealed that the introduction 
of mica to nylon produced a five-fold increase in the yield and tensile strength of the material [4, 5], 
and the discovery of carbon nanotubes (CNTs) by Iijima [6]. As a result, nanocomposites have 
become a “hot topic” during the last two decades. With the reduction of the filler size to nano-scale, 
better physical properties of the fillers have been achieved. For example, research has shown that 
Young’s modulus for CNTs is superior to all carbon fibres with a value greater than 1 TPa [7], and 
the highest strength measured is 63GPa [8]. Even the weakest type of CNTs have strengths of 
several GPa [9]. With the exception of their exotic physical properties, the reduction of the filler 
size down to nano-scale can also lead to a large polymer/particle interfacial area. For example, clays 
with a thickness ~0.94 nm and lateral dimensions from several hundreds of nanometers to microns, 
which depend on the type of layered silicates, provide a large surface area of ~750 m
2
/g that can 
interact with the matrix [10]. The nano-level dispersion of those fillers in the polymer matrix and 
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huge polymer/particle interfacial areas provide an opportunity for fine tuning their surface 
properties, and hence a prospect for tailoring the various properties required for different end 
applications [10].  In addition, nanocomposites are compatible with conventional polymer 
processing, thus avoiding the costly layup required for the fabrication of conventional fibre-
reinforced composites [11]. 
2.1.2 Fundamental considerations 
2.1.2.1 The effect of nano-scale particles  
Compared with traditional macro- and micro-scale reinforcements, nanoscale fillers can bring a lot 
of difference, which make them a good candidate for reinforcing polymers and generating high 
performance products. In general, three major characteristics define and form the basis of the 
performance of polymer nanocomposites. 
1) Large polymer/filler interfacial area  
Nanoscale materials have a large surface area for a given volume. Since many important chemical 
and physical interactions are governed by surfaces and surface properties, a nanostructured material 
can have substantially different properties from a larger-dimensional material of the same 
composition. In the case of fibres or foils, the area per unit volume is inversely proportional to the 
fibre diameter or the foil thickness, respectively. Thus, the smaller these dimensions are, the larger 
the surface area per unit volume is. At the same time, reinforcing efficiency requires high aspect 
ratios of the filler constituent which is provided by nanofibres or nanotubes (1-dimensional) and 
nanofoils (2-dimensional) [12]. For example, clay platelets (or more precisely, 2:1 phyllosilicates), 
are made up of layers of two tetrahedrally coordinated silicon atoms fused to an edge shared 
octahedral sheet of either aluminium or magnesium hydroxide and have a thickness 0.94 nm and 
lateral dimensions from several hundreds of nanometers to microns depending on the particular 
layered silicate. This provides high aspect ratio and large surface area of ~750 m
2
/g for silicate 
material that can interact with the matrix [13, 14].  
2) Nano-scale inorganic constituents and variation in properties from micro-scale fillers 
There are distinct differences between nano- and micro-scale or bulk material properties. Many 
reports have showed that conductivity, optical, magnetic, and electronic properties of several 
inorganic nanoparticles significantly change as their size is reduced from macro-scale to micro- and 
nano-levels [15-17]. In some cases, it has been reported that nanofillers are more active than their 
traditional counterparts since they have higher percentages of atoms on their surfaces [18]. Further, 
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mechanical property variations are detected in some cases, for example, carbon nanotubes (CNTs) 
are as stiff as graphite fibres, but are almost an order of magnitude stronger [19-23], which make 
them a very good candidate for reinforcing materials.   
3) Nanoscopic confinement of polymer chains 
 A nanofiller will affect the mobility of the polymer chains in their vicinity and thereby influence 
the overall matrix rigidity. Some literature showed a change in the (glass transition temperature) Tg 
of the polymer matrix with the addition of nanosized particles. Both increases and decreases in the 
Tg have been reported to depend upon the interaction between the matrix and the particle. In essence, 
if the addition of a particle to an amorphous polymer leads to a change in the Tg, the resultant effect 
on the composite properties would be considered as a “nano-effect” and the results are not 
predictable employing continuum mechanics relationships unless the Tg changes were properly 
accounted for or were quite minor [24]. This characteristic feature of the nano-scale fillers is 
important to improve their interfacial interaction with the matrix polymer and to enhance their 
nucleation capability. That is, the nanofillers may restrict the mobility of the polymer chains in their 
vicinity and thereby influence the overall matrix rigidity (particularly with rigid fillers) [10]. 
2.1.2.2 Reinforcement theory 
There are four main system requirements for effective reinforcement. These are large aspect ratio, 
good dispersion, alignment and interfacial stress transfer. Probably the most important requirement 
for nanofiller reinforced composites is that external stresses applied to the composite as a whole are 
efficiently transferred to the nanofillers, allowing them to take a disproportionate share of the load 
[1]. To understand the fundamental of the reinforcement, traditional composites theories were 
employed to nanocomposites, and results showed that those theories can still satisfactorily capture 
the essence of the reinforcement, and provide reasonable prediction for the mechanical properties. 
Therefore, in this section, some theories which still have instructions to nanocomposites are 
reviewed, despite the large differences in the sizes of the reinforcements used in traditional 
composites and nanocomposites.  
Over several decades, theoretical frameworks have been developed for predicting the properties of 
composite materials based on the properties of pure components and the morphology of the 
composite. An assumption inherent in all of these theories is that each component of the composite 
acts independently of the other. The general objective of such theories is to predict the performance 
of the composite for a given set of components. These theories enable a simple route for the 
evaluation of the individual contribution of component properties such as matrix and filler modulus, 
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volume fraction, filler aspect ratio, filler orientation, etc. Aspect ratio is an important factor in these 
theories, which drives an interest in achieving a high level of platelet exfoliation or dispersion in 
polymer nanocomposites [25].  
Halpin and Tsai developed a well-known composite theory for predicting the stiffness of 
unidirectional composites as a function of aspect ratio [26, 27]. The Halpin-Tsai equations are based 
upon the “self-consistent micromechanics method” developed by Hill [28]. Hermans employed this 
model to obtain a solution in terms of Hill’s “reduced moduli” [29]. Halpin and Tsai have reduced 
Hernians’ solution to a simpler analytical form and extended its use for a variety of filament 
geometries [27]. 
The longitudinal and transverse engineering moduli, E11 and E22; are expressed in the general form 
1
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where E and Em  represent Young’s modulus of the composite and matrix, respectively, ζ is a shape 
parameter dependent upon filler geometry and loading direction, φf is the volume fraction of filler, 
and η is given by  
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where Ef represents Young’s modulus of the filler. By comparing model predictions with the two-
dimensional finite element calculations of Foye for discontinuous oriented square fibre-reinforced 
composites, Ashton et al. [30] determined that 2( / )a b  provided good agreement for 
longitudinal modulus, E11; where a and b are the length and thickness of the fibre. The modulus 
perpendicular to the fibre direction (transverse), on the other hand, was found to be relatively 
insensitive to fibre aspect ratio, and could be approximated by 2  . It should be noted that as 
0   the Halpin–Tsai theory converges to the inverse rule of mixtures (lower bound), i.e. 
(1 )1 f f
f mE E E
 
             (3) 
Conversely, when     the theory reduces to the rule of mixtures (upper bound), i.e. 
(1 )f f f mE E E                         (4) 
The only assumption made in assigning various values for the geometrical factor is that the 
engineering stiffness expressions for the composite are insensitive to the differences in Poisson 
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ratios of the constituent phases. This is indeed the case borne out both by comparison with machine 
calculations based on the exact equations and by experimental data on carefully controlled short 
fibre systems[27]. 
Furthermore, the Halpin–Tsai equations retain the same form for discontinuous cylindrical fibres 
and lamellar shape reinforcements, such as ribbons or rectangular platelets; however, when 
calculating elastic moduli, E11 and E22 in the case of ribbons or rectangular platelets, ζ is equal to 
( / )l t  and ( / )w t ; respectively, where l  is the length, w  is the width, and t  is the thickness of the 
dispersed phase [25]. 
At the same time, the Mori–Tanaka average stress theory has also received considerable attention in 
the literature [31]. Mori and Tanaka considered a non-dilute composite consisting of many identical 
spheroidal particles that cause the matrix to experience an average stress different from that of the 
applied stress; to satisfy equilibrium conditions the volume average over the entire composite was 
forced to equal the applied stress. Tandon and Weng [32] used this assumption and Eshelby’s 
solution to derive complete analytical solutions for the elastic moduli of an isotropic matrix filled 
with aligned spheroidal inclusions. Their results for longitudinal and transverse elastic moduli are: 
11
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    (6) 
where 
f  is the volume fraction of filler, 0  is the Poisson’s ratio of the matrix, and A1, A2, A3, A4, 
A5, and A are functions of the Eshelby’s tensor and the properties of the filler and the matrix, 
specifically Young’s modulus, Poisson’s ratio, filler concentration and filler aspect ratio [25]; 
There is some research that used these theories to model nanocomposites [25, 33, 34], and results 
showed that the composite theories satisfactorily capture the stiffness behaviour for the 
nanocomposites. The established mechanics-based composite stiffness models, such as the Mori-
Tanaka and the Halpin-Tsai, are only dependent on the volume fraction, aspect ratio of the particles 
and the elastic constants of both matrix and particles. The particle size will not affect stiffness 
unless the particles affect the structure and stiffness of the adjacent polymer. Such an effect may be 
present if the polymer is semicrystalline, since the particles may affect the orientation of the 
lamellar crystallites to give a transcrystalline layer [34], or affect the Tg as pointed out before. 
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2.1.3 Composite processing 
Fabrication methods for nanocomposites have overwhelmingly focused on improving nanofiller 
dispersion because better dispersion in the polymer matrices has been found to improve their 
properties. The methods of solution blending, melt blending, and in situ polymerisation are widely 
applied to produce polymer nanocomposites. In addition, sol-gel, layer by layer, latex technology, 
solid-state shear pulverisation, and coagulation spinning methods also show promise. 
2.1.3.1 Solution mixing 
This is a common approach for fabricating polymer nanocomposites because it is both amenable to 
small sample sizes and is effective. There are three major steps involved in this method: disperse 
nanofillers in a suitable solvent, mix with the polymer (at room temperature or elevated 
temperature), and recover the composite by precipitating or casting a film [35]. Because it is 
difficult to disperse the pristine nanofillers in a solvent by simple stirring, high-power 
ultrasonication is often employed to make metastable suspensions of nanofillers or 
nanofillers/polymer mixtures in different solvents. It should be noted that long period treatment of 
high-power ultrasonication may shorten the nanofillers size, i.e., reduces the aspect ratio, which is 
detrimental to the composite. The functionlisation of the nanofillers can improve the initial 
dispersion of nanofillers in the liquid and consequently in the composites [36]. The evaporation rate 
may also affect the dispersion of nanofillers because nanofillers tend to agglomerate during slow 
solvent evaporation, therefore a slow solvent evaporation rate will lead to inhomogeneous 
distribution of the nanofiller in the polymer matrix. A drawback for this method, however, is the 
need for a large amount of solvent and most of the solvents have adverse impact on the environment. 
In addition, not all polymers have good solvents. Both of these restrict the application of this 
method. 
2.1.3.2 In situ polymerisation 
This method starts by dispersing nanofillers in monomer, and then polymerises the monomers. Like 
solution blending, functionalised nanotubes can improve the initial dispersion of the nanotubes in 
the liquid (monomer, solvent) and consequently in the composites [37]. Another advantage is that in 
situ polymerisation methods may introduce a special interaction between nanofillers and the 
polymer matrix. Effects such as tethering can occur in the polymer layered silicate nanocomposites, 
which enable the organic chemicals on the surface of layered silicates  to link with the polymer 
chains, and covalent bonding between functionalised nanotubes and the polymer matrix using 
various condensation reactions can also be achieved [38]. The improvement of the interaction 
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between nanofillers and polymer matrix can improve the interfacial properties, and thus improve the 
final mechanical properties. However, as polymerisation progresses, the viscosity of the reaction 
medium increases, and the extent of in situ polymerisation reactions might be limited [39]. 
2.1.3.3 Melt processing 
Melt blending uses high temperatures and high shear forces to disperse nanofillers in a polymer 
matrix and is most compatible with current industrial practices. Another advantage of this technique 
is that no solvent is required, and thus is environmentally friendly [1]. However, relative to the 
other methods, melt blending is generally less effective in dispersing nanofillers in polymers and is 
limited to lower concentrations due to the high viscosities of the composites at high nanofiller 
loadings [39]. 
2.1.3.4 Other methods 
In addition to the above methods, there are some other methods used to fabricate nanocomposites. 
such as the sol-gel [38] and layer by layer methods [40, 41]. Solid-state mechanochemical 
pulverisation processes (using pan milling or twin-screw pulverisation) have mixed multi-wall 
carbon nanotubes (MWNT) with polymer matrices [42, 43]. An innovative latex fabrication method 
has been used to make nanotube/polymer composites, which disperse and exfoliate the carbon 
nanotubes (single-wall carbon nanotubes require a surfactant, MWNT do not) in the water. The 
carbon nanotubes are then mixed with the latex nanoparticles (obtained by emulsion polymerisation) 
in aqueous solution to form, after drying and subsequent processing, a composite consisting of 
homogeneously dispersed carbon nanotubes in a polymer matrix of choice [44, 45]. A coagulation 
spinning method has been used to produce composite fibres comprising predominately nanotubes 
[46]. The processing consists of dispersing the nanotubes in surfactant solutions, recondensing the 
nanotubes in the flow of a polymer solution to form a nanotube mesh, and then collating this mesh 
to a nanotube fibre. 
2.1.4 Polymer nanocomposites 
Typical nanomaterials currently under investigation include nanoparticles, nanotubes, nanofibres, 
fullerenes, and nanowires. In general, these materials are classified by their geometries [47]; 
broadly there are three classes: particle, layered, and fibrous materials [47, 48]. Carbon black, silica 
nanoparticles, polyhedral oligomeric sislesquioxanes (POSS) can be classified as nanoparticle 
reinforcing agents while nanofibres and carbon nanotubes are examples of fibrous materials [48]. 
When the filler has a nanometer thickness and a high aspect ratio (30–1000) plate-like structure, it 
is classified as a layered nanomaterial (such as an organosilicate) [13]. Here we focus only on the 
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layered silicates, carbon nanotubes, microcrystalline cellulose and halloysite nanotubes due to their 
unique structures. Detailed information regarding each type of nanofiller will be discussed 
respectively.   
2.1.4.1 Polymer layered silicates nanocomposites 
The commonly used layered silicates for the preparation of polymer layered silicate (PLS) 
nanocomposites belong to the same general family of 2:1 layered or phyllosilicates. Their crystal 
structure consists of layers made up of two tetrahedrally coordinated silicon atoms fused to an edge-
shared octahedral sheet of either aluminium or magnesium hydroxide. The layer thickness is around 
1 nm and the lateral dimensions of these layers may vary from 30 nm to several microns or larger, 
depending on the particular layered silicates. Stacking of the layers leads to a regular van der Waals 
gap between the layers called the interlayer or gallery. Isomorphic substitution within the layers (for 
example, Al
3+
 replaced by Mg
2+
 or Fe
2+
, or Mg
2+
 replaced by Li
1+
) generates negative charges that 
are counterbalanced by alkali and alkaline earth cations situated inside the galleries. This charge is 
not locally constant, but varies from layer to layer, and must be considered as an average value over 
the whole crystal [49]. Figure 2.1 shows the structure of 2:1 phyllosilicates. 
 
Figure 2.1 Structure of 2:1 phyllosilicates [49]. 
The pristine state layered silicates are only miscible with hydrophilic polymers, such as 
poly(ethylene oxide) and poly(vinyl alcohol), which is a drawback because a lot of polymers are 
hydrophobic. In order to render them miscible with hydrophobic polymers, one must exchange the 
alkali counter-ions with a cationic-organic surfactant, as shown in Figure 2.2. Often 
 13 
 
alkylammonium ions are used for this purpose. Clay organophilicity can be readily achieved 
through ion-exchange reactions [50]. Water swelling of the silicate is needed to obtain the exchange 
of the onium ions with the cations in the galleries. The organic cations can lower the surface energy 
of the silicate surface and improve wetting with the polymer matrix. Moreover, the long organic 
chains of such surfactants, with positively charged ends, are tethered to the surface of the negatively 
charged silicate layers, resulting in an increase of the gallery height [51]. It then becomes possible 
for organic species (i.e. polymers or prepolymers) to diffuse between the layers and eventually 
separate them [50]. The excess negative charge of layered silicates and their capability to exchange 
ions can be quantified by a specific property known as the cation-exchange capacity (CEC) and 
expressed in mequiv./g [13]. Depending on the functionality, packing density and length of the 
organic modifiers, the organo-modified layered silicates (OMLSs, organosilicates or organoclays) 
can be engineered to optimise their compatibility with a given polymer. 
 
Figure 2.2 Schematic picture of an ion-exchange reaction. The inorganic, relatively small (sodium) ions are exchanged 
against more voluminous organic onium cations. This ion-exchange reaction has two consequences: firstly, the gap 
between the single sheets is widened, enabling polymer chains to move in between them and secondly, the surface 
properties of each single sheet are changed from being hydrophilic to hydrophobic [52]. 
Depending on the packing density and the chain length, the organic chains have been long thought 
to lay either parallel to the silicate layer, forming mono or bilayers or, to radiate away from the 
surface, forming mono or even a bimolecular tilted “paraffinic” arrangement, as shown in Figure 
2.3. 
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Figure 2.3 Alkyl chain aggregation in layered silicates: (a) lateral monolayer; (b) lateral bilayer; (c) paraffin-type 
monolayer and (d) paraffin-type bilayer [53]. 
Vaia et al. [53], based on FTIR experiments, showed that alkyl chains can vary from liquid-like to 
solid-like, with the liquid-like structure dominating as the interlayer density or chain length 
decreases, or as the temperature increases. When the available surface area per molecule is within a 
certain range, the chains are not completely disordered but retain some orientational order similar to 
that in the liquid crystalline state (Figure 2.4). As the chain length increases, the interlayer structure 
appears to evolve in a stepwise fashion, from a disordered to more ordered monolayer, then 
“jumping” to a more disordered pseudo-bilayer. 
 
Figure 2.4 Alkyl chain aggregation models: (a) short alkyl chains: isolated molecules, lateral monolayer; (b) 
intermediate chain lengths: in-plane disorder and interdigitation to form quasi bilayers and (c) longer chain length: 
increased interlayer order, liquid crystalline-type environment [13]. 
Actually, there is a long history about the incorporation of layered silicates into polymer matrices, 
which has been known for over 50 years [54]. One of the first systematic studies of the interaction 
between a clay mineral and a macromolecule could date back to 1949, when Bower described the 
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absorption of DNA by montmorillonite [55]. Even in the absence of X-ray diffraction (XRD) 
evidence, this finding implied insertion of the macromolecule in the lamellar structure of the silicate 
[38]. Even earlier, the clay reinforced resin known as Bakelite was introduced in the early 1900’s as 
one of the first mass-produced polymer-nanoparticle composites and fundamentally changed the 
nature of practical household materials [56]. However, it was not until Toyota researchers began a 
detailed examination of polymer layered silicate composites that nanocomposites became more 
widely studied in academic, government and industrial laboratories [4, 57]. The Toyota research 
group showed improved methods for producing nylon 6 clay nanocomposites by in situ 
polymerisation. They reported that these polymer clay nanocomposites exhibit superior strength, 
modulus, heat distortion temperature, water and gas barrier properties, with comparable impact 
strength to neat nylon 6 [4, 58].  
Any physical mixture of polymer and silicate (or inorganic material in general) does not necessarily 
form nanocomposites. The situation is analogous to polymer blends. In most cases, separation into 
discrete phases normally takes place. For polymer layered silicate nanocomposites, there are three 
types of nanocomposites (Figure 2.5): immiscible, intercalated, and exfoliated or delaminated 
structures. In immiscible systems, the poor physical attraction between the organic and the 
inorganic components results in relatively poor mechanical properties. At the same time, particle 
aggregation tends to reduce the strength and result in weaker materials [59]. Therefore, when the 
polymer chain is unable to intercalate between the silicate sheets, a phase-separated composite is 
obtained, whose properties are in the same range as for traditional microcomposites [13]. 
Intercalated structures are formed when a single (or sometimes more) extended polymer chain is 
intercalated between the silicate layers, which is a well ordered multilayer structure with alternating 
polymeric and inorganic layers, and a repeat distance between them.  
On the other hand, exfoliated or delaminated structures are obtained when the clay layers are well 
separated from one another and individually dispersed in the continuous polymer matrix. In this 
case, the separation between the platelets is 8–10nm or more [60], which is comparable to the radius 
of gyration of the polymer chains [59]. The exfoliation or delaminated structure is of particular 
interest because it maximises the polymer clay interactions, which make the entire surface of layers 
contacted with polymer.  
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Figure 2.5 Schematic of different types of composite arising from the interaction of layered silicates and polymers: (a) 
phase-separated microcomposite; (b) intercalated nanocomposite and (c) exfoliated nanocomposite. 
In general, the addition of an organically modified layered silicate in polymers results in significant 
improvements to Young’s modulus. In the synthesis of nylon 6-clay hybrid with montmorillonite, 
Kojima et al. [61] found that montmorillonite was intercalated with є-caprolactam and the tensile 
modulus was increased from 1.11 to 2.04 GPa, tensile strength increase from 68.6 to 97.3 MPa. 
Fornes et al. [62] reported the effect of the molecular weight of the matrix on the properties of the 
nylon 6 nanocomposites. In their research, nanocomposites, based on three grades of nylon 6 with 
different molecular weight (low, medium, and high), were prepared using a co-rotating twin screw 
extruder. Tensile properties revealed superior performance for composites with higher molecular 
weight nylon 6. For the high molecular weight nanocomposites, when the layered silicate content is 
7.2 wt%, the modulus increased from 2.75 to 5.7 GPa, and the yield strength increased from 69.7 to 
97.6MPa. Kornmann et al. [63] obtained high performance epoxy-layered silicate nanocomposites 
based on tetra-glycidyl 4,4‘-diaminodiphenyl methane (TGDDM) resin cured with 4.4-
diaminodiphemyl sulfone (DDS). Mechanical property studies showed that epoxy-layered silicate 
nanocomposites could simultaneously improve fracture toughness and Young’s modulus, without 
adversely affecting tensile strength. García-López D et al. [64] prepared polypropylene–clay 
nanocomposites using two different coupling agents, diethyl maleate (DEM) and maleic anhydride 
(MAH). Results showed that Young’s modulus and impact strength are greatly influenced by the 
content of coupling agent and also by the quality of the clay. The effect of the type of clay can only 
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be seen when MAH is used, as DEM has a low compatibilising effect due to its low polarity. The 
highest modulus was 2.6 GPa, compared with the pure PP, 1.8 GPa, and the tensile strength 
changed significantly, but the notch Izod impact strength decreased a lot.  Chen et al. [65] obtained 
poly (є-caprolactone)-clay nanocomposites, which showed that the tensile modulus of 
biodegradable poly(є -caprolactone) was increased by 50% at the addition of 8 wt% clay (as 
corrected for surfactant), but more dramatic improvement was the tensile elongation at break which 
increased from 165% to 550% for addition of up to 10 wt% clay. Alexandre et al. [66] obtained 
layered silicate nanocomposites based on ethylene vinyl acetate copolymers. Their results showed 
that Young's modulus increases significantly even at very low content of the organo-modified filler 
while preserving high ultimate elongation and tensile strength, which was increased from 12.1MPa 
to 24.0 MPa with 5 wt% montmorillonites. Another very promising result was reported by 
Podsiadlo et al. [40], who used the layer-by-layer method, and got ultrastrong and stiff layered 
polymer nanocomposites.  
2.1.4.2 Polymer carbon nanotubes nanocomposites 
Since their discovery in 1991 [6], carbon nanotubes (CNTs) have generated huge activity in most 
areas of science and engineering due to their unprecedented physical and chemical properties. No 
previous material has displayed the combination of superlative mechanical, thermal and electronic 
properties. In particular, this combination of properties makes them ideal candidates as advanced 
filler materials in composites. Compared with the traditional fillers, which have dimensions on the 
meso-scale with diameters of tens of microns and lengths of order of millimetres, the carbon 
nanotube has higher mechanical properties. Carbon fibres typically display stiffness and strength in 
the ranges 230–725 GPa and 1.5–4.8 GPa, respectively. However, carbon nanotubes can have 
diameters ranging from 1 to 100 nm and lengths of up to millimetres [7]. Their densities can be as 
low as ~1.3 g/cm
3
 and their Young’s modulus for CNTs is superior to all carbon fibres with a value 
greater than 1 TPa [7], while the highest strength measured is 63GPa [8]. Even the weakest type of 
CNTs have strengths of several GPa [9]. Another advantage for CNTs is the high aspect ratio, 
which have diameters ranging from 1 to 100 nm and lengths of up to several millimetres [67]. This 
combined with the properties makes CNTs ideal candidates as advanced filler materials in 
composites [68-73].  
There are two main types of nanotubes available today: single walled nanotubes (SWNT) [74, 75], 
consisting of a single sheet of graphene rolled seamlessly to form a cylinder with diameter of order 
of 1 nm and length of up to centimetres, and multi-walled nanotubes (MWNT), consisting of an 
array of such cylinders formed concentrically and separated by 0.35 nm, similar to the basal plane 
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separation in graphite [6]. MWNTs can have diameters from 2 to 100 nm and lengths of tens of 
microns. Additionally, nanotubes are described using one of three different morphologies: armchair, 
zigzag and chiral, respectively. Figure 2.6 shows the schematic of the structure of these carbon 
nanotubes. 
 
Figure 2.6 Schematic of the honeycomb structure of a graphene sheet (A). SWCNTs can be formed by folding the sheet 
along the shown lattice vectors leading to armchair (B), zigzag (C), and chiral (D) tubes, respectively. The graphene 
sheets rolled up into concentric cylinders form MWCNT (E) [76]. 
Because of the substantial van der Waals attraction between CNTs [77], dispersion of CNTs in 
solvents or polymeric matrix is hindered, hence CNTs show poor solubility and processibility [78]. 
So optimisation of the polymer–CNT interfacial interaction is very significant for the enhancement 
of the mechanical properties and thermal transport of CNT/polymer composites. The realisation of 
CNT-reinforced polymers requires, besides a homogeneous dispersion, a strong interfacial 
interaction between CNTs and the polymer matrix. Efficient stress transfer from the polymer matrix 
to the CNTs network can be realised by increasing the polymer–CNT physical contact or by 
forming chemical bonds between CNTs and the polymer matrix [79, 80]. Two kinds of methods, 
chemical functionlisation and non-covalent wrapping, have been reported. 
1) Non-covalent methods for carbon nanotubes (CNTs) functionalisation 
The non-covalent methods to functionalise CNTs involve using soft matter such as surfactants, 
oligomers, biomolecules and polymers to ‘wrap’ CNTs and subsequently to enhance their solubility 
[81, 82]. A number of surfactants such as octyl phenol ethoxylate, dodecyl-benzene sodium 
sulfonate (NaDDBS) as well as rigid conjugated molecules have been successfully used to modify 
CNT surface. It is predicted that part of these molecules can form strong interaction with CNTs, 
which results in surfactant/functional molecule-coated CNTs, hence CNT surface properties can be 
altered. O’Connell et al. [83] reported that water soluble polymers such as 
polyvinylpyrrolidone(PVP) and polystyrene sulfonate (PPS) can be used to enhance the solubility 
of CNTs in aqueous solution. Dai et al. [84] reported that through using a bifunctional molecule 1-
 19 
 
pyrenebutanoic acid succinimidyl ester, one end of the molecule was adsorbed onto the SWNT 
surface while the other end was used to immobilise biomolecules such as ferritin. 
Non-covalent modification of SWNT by encasing the tubes within micelles of cross-linked 
copolymer polystyrene-blockpolyacrylic acid (PS-b-PAA) was reported by Kang et al. [85] , which 
is shown in Figure 2.7. CNTs were first ultrasonicated in DMF solution of the copolymer (Figure 
2.7, step 1) and micellisation of the amphiphile was induced by adding water to the nanotube 
suspension (step 2). Finally, the PAA blocks of the micellar shells were permanently cross-linked 
by adding a diamine linker (step 3). This encapsulation was shown to enhance the dispersion of 
SWNT in a variety of polar and nonpolar solvents. 
 
Figure 2.7 The general strategy for encapsulating SWNT within shells of amphiphilic block copolymer PS-b-PAA [85]. 
Zheng et al. [86-88] reported that single-stranded DNA (ssDNA) can form a stable complex with 
CNTs and effectively disperse CNTs into aqueous solution. It was demonstrated that a particular 
ssDNA sequence (d(GT)n, n=10–45) self-assembled around individual CNTs in such a way that the 
electrostatic properties of the DNA–CNT hybrid depended on the tube type, enabling CNTs 
separation by anion-exchange chromatography. Some other biomolecules such as helical amylose 
have also been reported to encapsulate SWNTs [89]. 
The advantage of the non-covalent method is that there is no damage to the integrity of the CNTs’ 
structure, and thus the properties of the CNTs are retained. However, the disadvantage of this 
method is that the non-covalent interaction between the wrapping molecules and the CNTs is not as 
strong as the covalent bonds formed in chemical functionalisation processes. 
2)  Chemical functionalisation of CNTs 
For chemical functionalisation of CNTs, the functional groups are covalently linked to the CNT 
surface, which is shown in Figure 2.8a and b. This method is also referred as the covalent 
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functionalisation method. There are two approaches which have been reported to achieve covalent 
functionalisation of CNTs based on the reaction chemistry: 1) attaching functional groups to the 
graphitic surface  directly(direct chemical functionalisation), (Figure 2.8a); and 2) the functional 
groups are linked to the CNT-bound carboxylic acids, which are created during CNTs synthesis or 
post treatment of CNTs. These carboxylic acids are considered as the defect sites on the CNTs 
surface and this approach is also known as the “defect chemistry method” (Figure 2.8b). 
Compared with the non-covalent method, the advantage of chemical functionalisation method is 
that the functional groups are covalently linked to the CNT surface, so the linkage is permanent, 
strong and mechanically stable. However, the disadvantage is that the reaction with the graphitic 
sheets also leads to the breakage of sp
2
 conformation of the carbon atoms. Conjugation of the CNT 
wall is therefore disrupted and the research showed that, compared with the pristine tubes, electrical 
and mechanical properties of the chemically functionalised CNTs decreased dramatically [36, 82, 
90-92]. 
 
Figure 2.8 Schematic representations of functionalized CNTs using different methods. (a) Direct chemical 
functionalized CNT, (b) covalent functionalized CNT using ‘‘defect functionalization’’[92]. 
Theoretically, reinforcement by CNTs should provide significant enhancements in a combination of 
stiffness (modulus), strength, and toughness. However, to date, limited improvements in all these 
properties for both thermoplastic and thermosetting-CNT composites have been reported [93]. 
Shaffer and Windle [94] reported the first study using nanotubes for reinforcement, in which very 
little reinforcement was observed, with the storage modulus increasing from approximately 6 GPa 
for the polymer to 12 GPa for the 60 wt% composite film. Cadek et al. [95] reported an increase of 
mechanical properties such as Young’s modulus by a factor of 2 while adding only 0.6 vol % of 
CNT to poly(vinyl alcohol). Furthermore, the increase of mechanical property depends on the 
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average diameter of the carbon nanotubes and therefore on the total surface area per unit volume.  
Coleman et al. [96] reported that increases in Young’s modulus, tensile strength and toughness of 
×3.7, ×4.3, ×1.7, respectively were observed for PVA-based materials at less than 1 wt% nanotubes, 
and for polypropylene-based composites, increases in Young’s modulus, tensile strength and 
toughness of ×3.1, ×3.9, and ×4.4, respectively, were observed at equivalent nanotube loading 
levels. Velasco-Santos et al. [97] reported reasonably large increases in modulus from 0.71 GPa for 
a methylethyl-methacrylate co-polymer to 2.34 GPa at 1 wt%  MWNT. Dufresne et al. [45] made 
composites from an amorphous poly(styrene-co-butyl acrylate) latex as the matrix using an aqueous 
suspension of carbon nanotubes as the filler and  observed significant increase in modulus from 
0.52 MPa to 3.54 MPa at 8.3 vol%. Meincke et al. [98] prepared composites by melt blending 
MWNT in polyamide-6, and showed a  doubling of  the modulus, from 2.6 to 4.2 GPa at 12.5 wt%. 
Zhang and co-workers [99] made composites from MWNT in polyamide 6 by melt blending, and 
observed a threefold increase in modulus from 0.4 GPa to 1.24 GPa on addition of only 2 wt% 
nanotubes. Kearns et al. [100] reported that the strength properties of polypropylene fibres were 
enhanced with single-wall carbon nanotubes (SWNTs). For a 1 wt% loading of nanotubes, the fibre 
tensile strength increased 40% (from 9.0 to 13.1 g/denier). At the same time, the modulus increased 
55% (from 60 to 93 g/denier). Shim et al. [101] fabricated PVA nanocomposites with SWNTs by 
layer-by-layer assembly (LBL) techniques. The resulting SWNT-PVA composites demonstrated 
tensile strength 504.5MPa, stiffness 15.6GPa, and toughness 152.1J/g. 
2.1.4.3 Polymer microcrystalline cellulose nanocomposites 
Microcrystalline cellulose (MCC) is a term for refined wood pulp and is used as a texturiser, an 
anti-caking agent, a fat substitute, an emulsifier, an extender, and a bulking agent in food 
production,  and is particles of hydrolysed cellulose consisting of a very large amount of cellulose 
microcrystals together with amorphous areas [102]. The separated cellulose whiskers from the 
cellulose elementary fibrils are being used as nano-fillers in composites, which showed excellent 
mechanical properties of cellulose nanofibres (modulus of ca. 150 GPa and tensile strength of ca. 10 
GPa) [103]. The large amount of hydroxy function group in MCC makes it a good reinforcement 
with other polymer matrix to be used for further interfacial control. The chemical structure was 
shown in Figure 2.9. Another advantage is that cellulose is the most abundant, renewable and 
biodegradable natural polymer on earth. The combination of those advantages makes the polymer 
MCC nanocomposites an attractive topic.  
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Figure 2.9 Chemical Structure of MCC  
The interest in preparing cellulose nanocomposites started with a research group at CERMAV-NRS, 
Grenoble, France around 1994 [104-106]. The drawbacks of using cellulose are that the crystallites 
have to be isolated, and incorporation of the crystallites in a matrix usually involves problems in 
controlling the dispersion level. Acid hydrolysis of cellulose is a well-known process used to 
remove amorphous regions [107]. Today, cellulose nanowhiskers are not commercially available, 
instead microcrystalline cellulose (MCC), which is a closely related item, is commercially available 
[73]. When using commercially available MCC, the surface is not modified and therefore MCC 
exists as aggregates. Proper treatment of MCC to separate cellulose whiskers is necessary to 
fabricate composites at the nano-scale. 
The nanocomposites with uniform dispersion of cellulose nanowhiskers can have a significant 
improvement in mechanical properties even at very low reinforcement content [104-106]. Spoljaric 
et al. [108] prepared polypropylene (PP)–microcrystalline cellulose (MCC) composites containing 
Poly(propylene-graft-maleic anhydride) (PP-g-MA) and MCC treated with silicone oil, stearic acid 
or alkyltitanate coupling agent to promote matrix–filler dispersion and compatibility. Results 
showed that MCC and PP-g-MA reduced creep deformation and increased permanent strain. 
Storage modulus, loss modulus and glass transition temperature increased with MCC concentration 
increasing due to effective interaction between PP and MCC. Qua et al. [103] used a combination of 
ball milling, acid hydrolysis, and ultrasound to obtain high yield of cellulose nanofibres from flax 
fibres and microcrystalline cellulose (MCC). And then the poly(vinyl alcohol) (PVA) 
nanocomposites were prepared with these additives by a solution-casting technique. A significant 
enhancement of the thermal and mechanical properties was achieved with a small addition of 
cellulose nanofibres to the polymer matrix. The addition of fibres (5 wt%) to PVA doubled the 
tensile modulus of the polymer and yielded optically transparent composites. Duchemin et al. [109] 
prepared the novel all-cellulose composite films by partly dissolving microcrystalline cellulose 
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(MCC) powder in an 8% LiCl/DMAc solution, which showed a tensile strength up to 106 MPa and 
a tensile modulus up to 7.6 GPa. Capadona et at al. [110] prepared nanocomposites based on an 
ethylene oxide/epichlorohydrin copolymer and nanowhiskers isolated from MCC through the 
utilisation of a template approach, which displayed the maximum mechanical reinforcement 
predicted by the percolation model. 
2.1.4.4 Polymer halloysite nanotubes nanocomposites 
Halloysite nanotubes are ultra-tiny hollow tubes with diameters typically smaller than 100 
nanometers (100 billionths of a meter), with lengths typically ranging from about 500 nanometers to 
over 1.2 microns (millionths of a meter). As a naturally occurring hydrated polymorph of kaolinite, 
halloysite (Al2Si2O5(OH)4∙ nH2O) has similar structure and composition, but the unit layers are 
separated by a monolayer of water molecules. As a result, hydrated halloysite has a basal spacing 
(d001) of 10Å, which is ~3Å larger than that of kaolinite. The halloysite-(10Å) can be readily 
transformed to halloysite-(7Å) by dehydration due to the fact that the interlayer water is weakly 
held [111-114]. The tubular halloysite is formed by rolling of a kaolin sheet in preference to 
tetrahedral rotation to correct the misfit of the octahedral and tetrahedral sheets [115]. The outer 
surface of halloysite is similar to SiO2, while the properties of the inner side and edges of the tubes 
could be considered as Al2O3[116]. The schematic representations of the crystalline structure of 
halloysite-(10Å) and the structure of a single tubular halloysite particle are shown in Figure 2.10. 
 
Figure 2.10 Schematic diagrams of (a) the crystalline structure of halloysite-(10 Å), and (b) the structure of a halloysite 
nanotube [111]. 
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Compared with other nanosized inorganic fillers, naturally occurring HNTs are easily available and 
much cheaper. More importantly, the unique crystal structure of HNTs, such as rod-like geometry 
and low hydroxyl density on the surface, makes them readily dispersed in a polymer matrix [117]. 
This makes high concentration nanofillers with good dispersion possible, and offers great 
opportunities to fabricate polymer nanocomposites with promising performance. Ye et al. [118] 
prepared epoxy-based nanocomposites with natural nanotubes from halloysite. Scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) showed the HNTs are 
geometrically similar to multi-walled carbon nanotubes. The results demonstrated that blending 
epoxy with 2.3 wt% halloysite nanotubes increased the impact strength by 4 times without 
scarifying flexural modulus, strength and thermal stability. It was proposed that impact energy was 
dissipated via the formation of damage zones with a large number of micro-cracks in front of the 
main crack, which were stabilised by nanotube bridging. Liu et al. [117] formed organic-inorganic 
hybrids with epoxy/cyanate ester resin and HNTs. The dispersion of HNTs in the resin matrix was 
very uniform. Results showed that the moduli of the hybrids in the glassy state and rubbery state 
were significantly higher than those for the plain cured resin. For instance, the glassy and rubbery 
moduli of the hybrid with 12 wt% HNTs were 58.6% and 121.7% higher than those of the neat 
epoxy resin, respectively. Ning et al. [119] prepared polypropylene/halloysite composites by melt 
mixing using a twin screw extruder. SEM results revealed that HNTs were well-dispersed in PP 
matrix and had a good interfacial interaction with PP, even up to a high content of 10 wt%. 
However, not much enhancement of the mechanical properties of PP/HNT composites had been 
achieved, which was ascribed to the constant crystallinity and spherulite size of PP as well as the 
small length/diameter ratio of HNTs. Liu et al. [115] used 2,5-bis(2-benzoxazolyl) thiophene (BBT) 
as the interfacial modifier for polypropylene (PP)/halloysite nanotube (HNTs) composites. The 
electron transfer between HNTs and BBT has been confirmed. Formation of fibrils of BBT in the 
presence of HNTs is found in the nanocomposites, which leads to much higher crystallinity 
compared with previously reported PP nanocomposites. The nanocomposites showed substantially 
increased tensile and flexural properties. For example, the tensile strength increased from 33.2 to 
38.8 MPa, flexural strength from 41.8 to 61.4MPa, and flexural modulus from 1.24GPa to 2.83GPa. 
Pasbakhsh et al. [116] investigated the influence of maleic anhydride grafted ethylene propylene 
diene monomer (MAH-g-EPDM) on the properties of EPDM nanocomposites reinforced by HNTs.  
Results showed that the hydrogen bonding occurred between MAH-g-EPDM and HNTs, which was 
confirmed by attenuated total reflection fourier transform infrared spectroscopy (ATR-FTIR). 
Morphological observations revealed the formation of two different phases of EPDM-rich and HNT 
rich areas. Tensile strength was increased from 1.32MPa to about 12MPa. 
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2.1.4.5 Polymer nanocomposites with two or more types of nanofillers 
Apart from research which added only one type of nanofiller to polymers, other research found that 
a synergistic reinforcing effect may occur with a combination of nanofillers of different dimensions. 
Peeterbroeck et al.[120] reported that a synergistic effect was observed when organo-modified clays 
and carbon nanotubes were added simultaneously. Zhang et al. [121] formed 3D nanostructure filler 
successfully by growing carbon nanotubes on clay. By the incorporation of only 1 wt% CNT–clay 
hybrid filler, the tensile modulus and the tensile strength of the nylon-6 composite were improved 
greatly, by about 290% and 150%, respectively. This is due to the synergistic effect of CNTs and 
clay platelets for their homogeneous dispersion and strong interaction with the polymer matrix. 
Tang et al. [122, 123] observed a synergistic effect of 2D clay platelets and 1D carbon nanotubes on 
a reinforcing chitosan matrix. With the incorporation of 3 wt% clay and 0.4 wt% CNTs, the tensile 
strength and Young’s modulus of the nanocomposites are significantly improved by about 171 and 
124%, respectively, compared with neat chitosan. Dynamic mechanical measurement demonstrated 
an obviously improved storage modulus for chitosan/clay–CNTs than that for the corresponding 
binary chitosan/clay or chitosan/CNT nanocomposites with the same total filler content (3 wt%). 
Sun et al. [124] reported a simple, yet effective solution method for dispersion of carbon nanotubes 
and inorganic nanoplatelets into a thermosetting epoxy matrix. Results showed that carbon 
nanotubes can be easily deroped in aqueous solution with the aid of exfoliated inorganic 
nanoplatelets. Carbon nanotubes have been individually dispersed and nanoplatelets have been fully 
exfoliated in the epoxy matrix. The resulting epoxy nanocomposites, containing both individually 
dispersed carbon nanotubes and exfoliated nanoplatelets, exhibited greatly improved modulus (up to 
41%) and strength (up to 55%) at low nanotube loadings (up to 0.4 wt.%) without compromising 
the strain at failure.  
2.1.5 PVDF nanocomposites 
Poly(vinylidene fluoride) (PVDF) is an important engineering plastic with applications in such 
diverse fields as paint for skyscrapers, transducers for sensitive scientific instruments, and pipes for 
caustic chemical by-products [125, 126]. Our previous research showed that PVDF has high 
potential application in thermoset composite welding (TCW) technology. Due to its diverse 
application, nanofillers have been introduced to PVDF to improve its properties further. 
Priya and Jog were the first to prepare PVDF–clay nanocomposites, who observed that the addition 
of organically modified clay resulted in significant improvements in the storage modulus [127-129]. 
Shah et al. [130, 131] reported the improvement of the Young’s modulus of PVDF with the addition 
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of clay, and a dramatic enhancement of toughness was observed.  Researched by Patro et al. [126] 
showed the improvement of the storage modulus and elongation at break, however, the modulus 
decreased slightly in most of the cases, and the tensile strength remained unaffected or increased 
slightly upon clay addition. 
For the introduction of CNTs in PVDF, Almasri et al. [132] fabricated PVDF carbon nanotubes 
nanocomposites by solution cast, which showed that the storage modulus increased by 48% below 
Tg and by more than 85% above it at 4.5 vol.% carbon nanotubes. Wang et al. [133] prepared 
composites of PVDF and poly(methyl methacrylate) (PMMA)-grafted MWNTs by melt mixing. 
The storage modulus of PVDF is increased by nearly 150% at 20 °C upon the incorporation of 
PMMA-grafted MWNTs with MWNT content of 1.93 wt%. Chang et al. [134] reported that 
polymer chains are chemically bonded to multi-walled carbon nanotubes (MWCNTs) through an 
ozone-mediated process. These functionalised carbon nanotubes were found to be more efficient in 
enhancing mechanical strength. Compared to pristine PVDF film, PVDF/MWCNT–PVDF-0.3(0.3 
wt% MWCNT–PVDF) film demonstrated up to a 90% increase in tensile strength and up to a 58% 
increase in Young’s modulus. Huang et al. [135] prepared nanocomposites of PVDF with acid 
treated multiwalled carbon nanotubes (MWCNT) with a wide composition range, from 0.1 to 5.0% 
MWCNT by weight. The effect of uniaxial orientation by zone drawing on these nanocomposites is 
discussed and compared with unoriented compression moulded films. The modulus increased 
significantly when MWCNT concentration increased. The glass transition temperature measured by 
the peak position of Tg from DMA does not change with MWCNT concentration, but a slightly 
higher glass transition can be obtained by zone drawing. 
2.1.6 Summary 
There is a lot of research about PVDF nanocomposites, however the improvement of their 
properties is much lower than expected. This is due to the fact that some fundamental issues are still 
not clear. At this point in time, there is no research about the effect of the nanofillers on creep 
behaviour of PVDF as far as we know. Therefore, in this research, different types of nanofillers 
(layered silicates, carbon nanotubes, microcrystalline cellulose, and halloysite nanotubes) were 
introduced in PVDF, and the effect of those nanofillers on the structures and properties was 
investigated. At the same time, PVDF-MAH (PVDF-graft-maleic) was employed as interfacial 
modifier to fine-tune the compatibility between PVDF matrix and nanofillers. The systematic 
studies would help us better understand the effect of nanofillers on the structures of PVDF, and 
construct the relationship between the structures and properties of PVDF nanocomposites. That 
information would provide clues regarding how to achieve high performance PVDF 
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nanocomposites. At the same time, the research about the effect of the nanofillers on creep 
behaviour would help us select the appropriate nanofillers to modify PVDF, and then be used in 
TCW technology. 
2.2 Fabrication and Characterisation 
This chapter describes an overview of the fabrication and experimental techniques used in this PhD 
thesis. This thesis is dealing with the PVDF nanocomposites. Hence, this chapter consists of the 
fundamentals of the techniques used to characterise the PVDF nanocomposites.  
2.2.1 Fabrication 
Based on the literature review that the solution method has the advantage to control the dispersion 
of nanofillers, and a fact that PVDF can be dissolved by a lot of solvents, such as N-Methyl-2-
Pyrrolidone (NMP), Dimethyl formamide (DMF), Dimethyl acetamide (Dimethyl acetamide), in 
this research, a modified method based on solution mixing, the fast phase inversion technique was 
employed to fabricate PVDF nanocomposites. The fast phase inversion technique is a mature 
method to fabricate membranes [136-141]. The solution mixing can guarantee good dispersion for 
the nanofillers in PVDF. Although solvent is still used in this method, the solvent is removed into 
the anti-solvent (water), and could be recycled due to the big difference in the evaporation 
temperature between the solvent N-methyl-2-pyrrolidone (NMP) (about 200°C) and water (about 
100°C). Therefore, the phase inversion method used in our current study is certainly an 
environmentally benign method, which can avoid the drawback for the traditional solution method, 
namely, the need for a large amount of solvent and most of the solvents have adverse impact on the 
environment. During the fabrication, the solidification of the nanocomposite film is very quick, 
which can avoid nanofillers re-agglomeration, and shorten the fabrication time. The detailed 
procedure can be described as follows. 
Firstly, nanofillers were dispersed in solvent NMP using vigorous magnetic stirring and ultrasonic 
treatment (60 kHz, 1.5 h). At the same time, polymer PVDF was also dissolved in NMP to form 
PVDF solution (the ratio of PVDF and solvent is 1:5 by weight); Secondly the nanofiller suspension 
and PVDF solution were mixed again with vigorous stirring and ultrasonic treatment; Thirdly, the 
mixed liquid was poured onto a glass plate, and compressed with another glass plate; Fourthly, the 
glass plates were placed into deionised water (an antisolvent for NMP) and the film solidified 
within 3-5 minutes. Then, all the wet films collected were dried in a vacuum oven for 72h at 80 °C 
and compression moulded using a matched metal die in a hot press at 200 °C and 5.0 MPa pressure. 
The compression moulded nanocomposite sheets had a thickness of about 0.5mm and were cut into 
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test samples for subsequently characterisation. Figure 2.11 shows the detailed procedure for the hot-
press procedure. 
 
Figure 2.11 The procedure for the sample preparation 
Although it seems that the above mentioned procedure is very complicate and labor intensive in the 
laboratory scale, actually it can be mass-produced by the procedure showed schematically in Figure 
2.12. Due to the character of NMP, the solvent can be easily recycled using water. Through the 
good assemble of the each step, the procedure can form a complete closed cycle and work 
automatically. Except the addition of PVDF and MWCNTs, no more labour is needed. After the 
addition of the NMP at the start, almost no more NMP is needed, so the fabrication procedure is 
benign to the environment. The energy from the steam can be used to help drive the stirrer or 
dissolve polymer, and hence can save energy. In all, the method used in this research is compatible 
with potential industrial applications and environment-friendly. 
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Figure 2.12 The schematic flow diagram of processing. 
2.2.2 Characterisation 
2.2.2.1 Transmission electron microscopy (TEM)  
TEM is a microscopy technique whereby a beam of electrons is transmitted through an ultra-thin 
specimen, interacting with the specimen as it passes through. An image is formed from the 
interaction of the electrons transmitted through the specimen; the image is magnified and focused 
onto an imaging device, such as a fluorescent screen, on a layer of photographic film, or to be 
detected by a sensor such as a CCD camera. 
Due to the small de Broglie wavelength of electrons, TEMs are capable of imaging at a significantly 
higher resolution than light microscopes. This property enables the instrument's user to examine 
fine detail—even as small as a single column of atoms, which is tens of thousands times smaller 
than the smallest resolvable object in a light microscope. TEM forms a major analytic method in a 
range of scientific fields, in both physical and biological sciences, which is applied in cancer 
research, virology, materials science as well as pollution, nanotechnology, and semiconductor 
research. A basic requirement for TEM is that the electron beam should be transmitted through the 
specimen; that is, the samples examined must be thin, generally about 200-nm thick or less, and 
stable in high vacuum. The preparation of the thin sections can be achieved by ultromicrotome. 
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This research deals with nanofillers, which makes the TEM a useful tool to investigate 
nanocomposites, and provides a unique opportunity to directly visualise nanocomposites’ 
morphology. 
2.2.2.2 Scanning electron microscope (SEM) 
A scanning electron microscope (SEM) is a type of electron microscope that images a sample by 
scanning it with a beam of electrons in a raster scan pattern. The electrons interact with the atoms 
that make up the sample producing signals that contain information about the sample's surface 
topography, composition, and other properties such as electrical conductivity. 
The types of signals produced by a SEM include secondary electrons, back-scattered electrons 
(BSE), characteristic X-rays, light (cathodoluminescence), specimen current and transmitted 
electrons. Secondary electron detectors are common in all SEMs, but it is rare that a single machine 
would have detectors for all possible signals. Secondary electron images are conventionally used to 
provide high-resolution topographical information about the surface of a bulk specimen, which 
requires some variation in the signal obtained from different parts of the specimen. 
Back-scattered electrons (BSE) are beam electrons that are reflected from the sample by elastic 
scattering, which are comparable energies to that of the incoming beam and so are able to escape 
from the majority of the interaction volume. As a result, image resolution is related to the 
dimensions of the interaction volume. BSE are often used in analytical SEM along with the spectra 
made from the characteristic X-rays. Because the intensity of the BSE signal is strongly related to 
the atomic number (Z) of the specimen, BSE images can provide information about the distribution 
of different elements in the sample. 
In this research, SEM was employed to investigate the fracture behaviour for PVDF and its 
nanocomposites, and also used to investigate the fracture behaviour for the TCW sample. The BSE 
showed its special capacity to investigate the TCW sample, because it can provide information 
about the distribution of the thermoplastic film and epoxy. This is very useful when analysing the 
failure mode for the joint surface. 
2.2.2.3 Differential scanning calorimetry (DSC) 
DSC is a thermo-analytical technique in which the difference in the amount of heat required to 
increase the temperature of a sample and reference is measured as a function of temperature. Both 
the sample and reference are maintained at nearly the same temperature throughout the experiment. 
DSC is an effective analytical tool to characterise the physical properties of a polymer. DSC enables 
determination of melting, crystallisation, and mesomorphic transition temperatures, and the 
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corresponding enthalpy and entropy changes, and characterisation of glass transition and other 
effects that show either changes in heat capacity or a latent heat. The percentage crystallinity of a 
polymer can be found from the crystallisation peak of the DSC graph since the heat of fusion can be 
calculated from the area under an absorption peak. DSC can also be used to study thermal 
degradation of polymers. Impurities in polymers can be determined by examining thermograms for 
anomalous peaks, and plasticisers can be detected at their characteristic boiling points. 
PVDF is a semicrystalline polymer, the structure of the crystalline phase and crystallinity is very 
important information, which was investigated by DSC in this research.  
2.2.2.4 Fourier Transform Infrared Spectroscopy (FTIR) 
FT-IR is the preferred method of infrared spectroscopy. In infrared spectroscopy, infrared radiation 
is passed through a sample. Some of the infrared radiation is absorbed by the sample and some of it 
is passed through (transmitted). The resulting spectrum represents the molecular absorption and 
transmission, creating a molecular fingerprint of the sample. Like a fingerprint, no two unique 
molecular structures produce the same infrared spectrum. This makes infrared spectroscopy useful 
for several types of analysis. FTIR can be used to identify chemicals from spills, paints, polymers, 
coatings, drugs, and contaminants. FTIR is perhaps the most powerful tool for identifying types of 
chemical bonds (functional groups). The wavelength of light absorbed is characteristic of the 
chemical bond as can be seen in this annotated spectrum. 
In this research, in addition to being used to characterise the chemical bond, FTIR was also used to 
characterise the polymorphic structures for PVDF and its nanocomposites. 
2.2.2.5 Wide-angle X-ray diffraction (WAXD) 
WAXD technique is often used to determine the crystalline structure of polymers. This technique 
specifically refers to the analysis of Bragg peaks scattered to wide angles, which (by Bragg's law) 
implies that they are caused by sub-nanometer-sized structures. Due to its ease of use and 
availability, WAXD is most commonly used to probe the nanocomposite structure and occasionally 
to study the kinetics of polymer melt intercalation for polymer layered silicate nanocomposites. 
This technique allows the determination of the spaces between structural layers of the silicate 
utilizing Bragg’s law: sin / 2n d  , where  corresponds to the wave length of the X-ray 
radiation used in the diffraction experiment, d the spacing between diffractional lattice planes and  
is the measured diffraction angle or glancing angle. By monitoring the position, shape and intensity 
of the basal reflections from the distributed silicate layers, the nanocomposite structure may be 
identified [38]. 
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In this research, in addition to being used for monitoring the structure of PVDF layered silicates 
nanocomposites, WAXD was also employed to investigate the crystalline structure for PVDF and 
its nanocomposites. 
2.2.2.6 Dynamic mechanical analysis (DMA) 
DMA yields information about the mechanical properties of a specimen placed in minor, usually 
sinusoidal, oscillation as a function of time and temperature by subjecting it to a small, usually 
sinusidal, oscillating force. The storage modulus (G΄), the loss modulus (G΄΄) and the loss tangent 
(tan δ = G ΄΄/ G ΄) are measured. G ΄ is a measure of the energy stored elastically whereas G ΄΄ is a 
measure of the energy lost as heat. Tan δ is also called damping and it indicates how efficiently the 
material loses energy to molecular rearrangements and internal friction. The tan δ curve reveals the 
existence of various types of transitions in the polymer sample [142]. DMA of polymers are usually 
measured on bulk samples to find the temperature dependence of the dynamic modulus and to 
obtain structural information. Also, DMA testing measurements for polymers can be used to 
determine the transition temperature. The investigation of dynamic mechanical properties over a 
wide range of temperatures and frequencies is very useful in studying the structure and properties of 
polymers. Therefore, in this research, the DMA test was employed to investigate the effect of the 
nanofillers on dynamic properties.  
2.2.2.7 Dynamic rheology 
Oscillatory melt rheology is a very important analytical tool in the characterisation of polymeric 
materials, and has been used extensively to probe the morphology and melt-flow behaviour of a 
range of filled polymer systems including layered silicates, silica, carbon black, carbon fibres, and 
CNTs. Rheological properties are related to the material’s microstructure, the state of nanofiller 
dispersion, the aspect ratio and orientation of nanofillers, and the interactions between nanofillers 
and polymer chains [93]. A great deal of information can be collated from just one test which can 
be used to detect the frequency dependence of storage modulus and complex viscosity of 
composites.  
In this research, the dynamic rheological test was employed to investigate the effect of nanofillers 
on the viscoelastic behaviour at melt state. 
2.2.2.8 Tensile test 
A tensile test is the most elementary type of mechanical test performed on materials. Tensile tests 
are simple, economical and traceable to the national standards. They measure the force required to 
break a plastic sample specimen and the extent to which the specimen stretches or elongates to that 
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breaking point. Properties that are directly measured via a tensile test are: ultimate tensile strength, 
maximum elongation and reduction in area. The following properties can also be determined from 
these measurements: Young's modulus, Poisson's ratio, yield strength, and strain-hardening 
characteristics. That information is very important for the application of any materials. Therefore, in 
this research, a tensile test was employed to investigate the effect of the nanofillers on the 
mechanical properties. The obtained results would be an important reference for the assessment of 
the modified PVDF. Figure 2.13 shows the tensile tests carried on in this work, and the strain was 
recorded by the advanced video extensometer. 
  
Figure 2.13 Tensile tests equipment: a) tensile test machine, b) advanced video extensometer 
2.2.2.9 Tensile creep test 
A creep experiment is a direct simple method to study the viscoelastic properties of a given sample, 
which is carried out by instantaneously applying a constant force, which is then followed by a 
measurement of the resulting deformation as a function of time. Creep occurs in three stages: 
primary, secondary, and tertiary. Primary creep occurs at the beginning of the tests, and is mostly 
not at a steady rate. Resistance to creep increases until the secondary stage is reached. In secondary 
creep, the rate of creep becomes roughly steady. This stage is often referred to as steady state creep. 
In tertiary creep, the creep rate begins to accelerate as the cross sectional area of the specimen 
decreases due to necking or internal voiding decreases the effective area of the specimen. If tertiary 
creep is allowed to proceed, fracture will occur. Figure 2.14 shows the stages for a typical creep 
curve. 
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As mentioned before, creep behaviour would be an important concern for PVDF used in TCW 
technology, and the improvement of creep resistance would greatly benefit PVDF used in TCW 
technology. Therefore, in this research, a tensile creep test was employed to investigate the creep 
behaviour of PVDF and the effect of the nanofillers on creep resistance. The property of creep is the 
most important criterion for the assessment of the modified PVDF. Figure 2.15 shows the creep test 
equipment. 
 
Figure 2.14 Stages in a typical creep curve.  
 
Figure 2.15 Creep test equipment: a) Tensile Instron machine, b) temperature control chamber 
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2.3 Results and discussion  
According to the literature review, nanofillers are good candidates for the reinforcement of PVDF. 
However, there are so many different types of nanofillers. Therefore, selection of suitable 
nanofillers is necessary, which is the aim of this section. Four different types of nanofillers (layered 
silicates, carbon nanotubes, microcrystalline cellulose, and hallysite nanotubes) were chosen for 
detailed research in this work based on their unique structures and properties, and a 3D nanofillers 
network was formed to observe if there was synergistic reinforcing effect by the combination of 
different dimension nanofillers. Section 2.3.1 will address PVDF layered silicates nanocomposites, 
section 2.3.2 would cover PVDF carbon nanotubes nanocomposites, section 2.3.3 will present 
PVDF microcrystalline cellulose nanocomposites, section 2.3.4 will deal with PVDF halloysite 
nanocomposites, and section 2.3.5 will discuss PVDF with 3D network. Suitable nanofillers were 
chosen to modify PVDF to improve creep resistance based on the work of this section. Furthermore, 
the relationship between structures and properties was investigated. The information provided 
evidence for the work of the next section, which is further optimisation to improve the properties 
for the selected PVDF nanofillers nanocomposites. 
2.3.1 PVDF/Organo-modified layered silicates nanocomposites 
2.3.1.1 Introduction 
The aim of this section is to investigate the effect of organo-modified layered silicates (OMLSs) on 
the structures and properties of PVDF. According to the literature review in the previous sections, 
layered silicates showed that they are a good candidate to reinforce polymer. Therefore, OMLSs 
were employed to reinforce PVDF. To improve the compatibility between PVDF and OMLSs, 
PVDF-g-MAH was added. The structural similarity of PVDF and PVDF-g-MAH permits the 
occurrence of segmental co-crystallisation that is desirable for cohesive coupling, while the 
carboxylic anhydride groups may react with the polar groups on the surface of OMLSs, which will 
improve the interaction between the matrix and OMLSs. The results did show that the addition of 
OMLSs can improve the properties (Young’s modulus, storage modulus and creep resistance) of 
PVDF, and the addition of PVDF-g-MAH can improve it further. For creep resistance, PVDF with 
5 wt% layered silicates and 3 wt% PVDF-g-MAH showed the highest improvement. The improved 
creep resistance made it a good candidate to be used in TCW technology. Section 2.3.1 is included 
as it appears in the submission to the journal “Polymers for Advanced Technologies”. 
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Abstract 
Poly(vinylidene fluoride) (PVDF)/Organo-modified layered silicates (OMLSs) nanocomposites 
were prepared by a solution method with a phase inversion technique. Maleic anhydride grafted 
PVDF (PVDF-MAH) was used as an interfacial modifier. The structure of nanocomposites, 
analysed using XRD and TEM, indicated that completed exfoliated layered silicate nanocomposites 
were achieved for 2%wt OMLSs, while small ratio of intercalated structure existed for 5%wt 
OMLSs. With the addition of PVDF-MAH, the intercalated structure with smaller clay spacing 
occurred. PVDF formed γ-phase crystals in the presence of OMLSs during crystallization. DMA 
test, tensile test and creep test showed the improvement of the mechanical properties with the 
addition of OMLSs. And the addition of PVDF-MAH can improve them further; however, a 
threshold value for the amount of PVDF-MAH (3%wt here) existed.  
Keywords:  Creep; Poly(vinylidene fluoride); Organo-modified layered silicates;  
1.  Introduction 
Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer with a range of interesting 
properties, which has been a widely studied polymer because of its potential as piezoelectric and 
pyroelectric materials. These properties, combined with high elasticity and processing ability, 
provide a variety of technological applications for this polymer 
[1]
. Our previous research showed 
that PVDF has high potential application in the thermoset composite welding (TCW). The world-
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class international patented technology showed great potential for cost saving in the joining and 
repairing of composite materials and represents the "Next-Generation" assembly technology for 
aerospace composite structures 
[2]
. However, due to the nature of thermoplastic, creep resistance of 
PVDF is the major concern for its application. Therefore, it is important to modify the PVDF in 
order to increase its stiffness and creep resistance 
[3]
. 
The mixing of nanofillers with polymer to form composite materials is an effective approach to 
obtain high performance materials. Research has shown that the introduction of nanofiller can 
improve the mechanical properties and creep resistance 
[4-10]
. Because of their good properties, high 
aspect ratio and huge contact surface, layered silicates have attracted a lot of attention 
[5, 6, 11-15]
. 
Normally, there are four main system requirements for effective reinforcement. These are large 
aspect ratio, good dispersion, alignment and interfacial stress transfer. Probably the most important 
requirement for nanofillers reinforced composite is that external stresses applied to the composite as 
a whole are efficiently transferred to the nanofillers, allowing them to take a disproportionate share 
of the load 
[9]
.  
Previous research showed that the addition of clay to PVDF led to improvement of the 
mechanical properties. Priya and Jog were the first to prepare PVDF–clay nanocomposites, who 
observed that the addition of organically modified clay resulted in significant improvements in the 
storage modulus 
[1, 16, 17]. Shah et al reported the improvement of the Young’s modulus of PVDF 
with the addition of clay, and a dramatic enhancement of toughness was observed 
[18, 19]
.  
Researched by Patro et al showed the improvement of the storage modulus and elongation at break, 
however, the modulus decreases slightly in most of the cases, and the tensile strength remains 
unaffected or increases slightly upon clay addition 
[20]
. PVDF is hydrophobic, leading to 
compatibility issues when mix with polar surfaces 
[21]
. So the high performance of PVDF/clay 
nanocomposites not only depends on the control of the status of the nano-clay, but also depends on 
the compatibility between PVDF and OMLSs. In this research, organo-modified layered silicates 
have been employed to improve the mechanical properties and creep resistance of PVDF. A phase 
inversion technique was used to fabricate the nanocomposites 
[22-27]
. The advantage of this method 
is that it can mostly avoid the degradation of organic molecules on the surface of the clay compared 
with the melt processing, which need high temperature and significant shear during process. 
Research has shown that the degradation from melt processing does not only result in the common 
detrimental aspects of degradation, but also affects the formation of exfoliated nanostructures, and 
eventually affects the properties profoundly 
[11, 28]
. The solvent used in this method is removed in 
the anti-solvent (water), and can be recycled easily due to the big difference in the evaporation 
temperature between the solvent N-methyl-2-pyrrolidone (NMP) (about 200°C) and water (about 
100°C), which would reduce the side effect of the large amount of solvent on the environment. The 
reduction of the fabrication time and possibility to avoid the re-agglomeration of OMLSs showed its 
advantage compared with the traditional solution method, which need a long solvent evaporation 
process. To improve the compatibility between PVDF and OMLSs, PVDF-g-MAH was added. The 
structural similarity of PVDF and PVDF-g-MAH permits the occurrence of segmental co-
crystallisation that is desirable for cohesive coupling, while the carboxylic anhydride groups may 
react with the polar groups on the surface of OMLSs, which will improve the interaction between 
matrix and OMLSs 
[29]
.  
2. Experimental section 
2.1 Materials 
PVDF (Kynar 741, powder) and maleic anhydride grafted PVDF (PVDF-MAH, Kynar ADX-
161) named from here as ADX were kindly supplied free-of-charge by Arkema (Australia, New 
Zealand). Analytical grade N-methyl-2-pyrrolidone (NMP) purchased from Aldrich was used as 
solvent. The organically modified montmorillonite nanoclays (OMLSs) were obtained from 
Southern Clay Products, Inc. The grade used was Cloisite 30B, which is a bis(hydroxyethyl)methyl 
tallow ammonium exchanged montmorillonite with hydroxyl groups. 
2.2 Nanocomposites preparation- phase inversion technique 
The procedure used to fabricate nanocomposites was as follows: 1) OMLSs were dispersed in 
solvent NMP using vigorous magnetic stirring and ultrasonic treatment (60 kHz, 1.5 h). At the same 
time, polymer PVDF was also dissolved in NMP to form PVDF solution (the ratio of PVDF and 
solvent is 1:5 by weight); 2) the OMLSs suspension and PVDF solution were mixed again with 
vigorous stirring and ultrasonic treatment; 3) the mixed liquid was poured onto a glass plate, and 
compressed with another glass plate; 4) the glass plates were placed into deionized water (an 
antisolvent for NMP), and the film solidified within 3-5 minutes. For samples with the addition of 
the interfacial modifier (ADX), NMP solution with dissolved ADX (the ratio of ADX and solvent is 
1:10 by weight) was first added into OMLSs suspension with magnetic stirring and ultrasonic 
treatment for 3h to let the maleic anhydride group react with the hydroxyl group attached at the 
surface of OMLSs. And then PVDF solution was added to the ADX/OMLSs solution. The 
following procedure was the same as the step 3 and 4. All the wet films collected were dried in a 
vacuum oven for 72h at 80 °C, and then compression molded using matched metal die in a hot press 
at 200 °C and 5.0 MPa pressure. The cooling rate is 15°C/min. The pure PVDF has been treated by 
the same procedure. The compression molded nanocomposite sheets had a thickness of 0.5mm and 
were cut into test samples for subsequently characterization. 
As summarised in Table 1, various blend formulations were prepared and analysed. 
Table 1 Samples codification. 
Sample Composition 
PVDF 
PL2 
PL5 
PL5A3 
PL5A5 
PL5A10 
PVDF (100% wt.) 
PVDF (100%wt) + OMLSs (2%wt.) 
PVDF (100%wt) + OMLSs (5%wt.) 
PVDF (97%wt) + ADX (3%wt) +OMLSs (5%wt.)  
PVDF (95%wt) + ADX (5%wt) + OMLSs (5%wt.)  
PVDF (90%wt) + ADX (10%wt)+ OMLSs (5%wt.)  
 
2.3 Characterisation 
The ultrathin TEM samples (about 50 to 100 nm in thickness) were cut from nanocomposites 
sheet using a Leica EM UC6 ultramicrotome (Leica Microsystmes, Wetzlar, Germany), and then 
investigated by using a Philips Tecnai F20 transmission electron microscope (TEM) equipped with 
field emission gun (FEG) at 200 kV. Digital images were acquired by a Gatan CCD camera and 
then processed by Digital Micrograph v3.9.1 (Gatan, Inc). 
The X-ray diffraction spectra (XRD) of OMLSs and nanocomposites were obtained with a 
Bruker Advanced X-Ray Diffractometer (40 kV, 30 mA) with Cu Kα (λ=0.15406 nm) radiation 
at a scanning rate of 2º /min from 2º to 10º. 
DSC tests were conducted by means of a TA Q20 differential scanning calorimeter. In the tests, 
samples of about 5 mg were heated to 200 °C at a rate of 10 °C/min under a nitrogen atmosphere 
and held at 200 °C for 5 min to eliminate the thermal history. Afterward, the samples were cooled 
to 20 °C at a rate of 20 °C /min, held at 20 °C for about 3 min, and then heated again to 200 °C at a 
heating rate of 10 °C /min. The temperature and heat flow scales were calibrated using the melting 
of high-purity indium and zinc samples before testing. 
ATR FT-IR spectrum was obtained using a Nicolet 5700 ART spectrometer with an average of 
200 scans in the range 400-2000 cm
-1
 in order to obtain crystal structural for the nanocomposites.  
The DMA (tension deformation) was carried out using a TA Instruments Q800 DMA. All the 
samples (30×4 mm) were measured over a temperature range of -100 °C to 150 °C at a heating rate 
of 3 °C /min and a frequency of 1Hz. 
The mechanical properties of all materials were measured by an Instron 5584 universal testing 
machine with a 100N load cell at a crosshead velocity of 5 mm/min until failure. Dumbbells were 
punched out of the nanocomposites sheets according to ASTM D-638 (the width is about 2.5 mm, 
video gauge is about 10 mm, and thickness is about 0.5 mm). The creep behaviour was tested using 
tensile test at room temperature according to ASTM D 2990-01, where all samples were loaded to a 
stress level of 20 MPa and their strain monitored for two hours.  
3. Results and discussion 
3.1 Morphology of the nanocomposites 
For polymer layered silicates nanocomposites (PLS), there are three basic types of nano-
structures: immiscible, intercalated, and exfoliated or delaminated structure. Exfoliated structure is 
obtained when clay layers are well separated from one another and individually disperse in the 
continuous polymer matrix. The exfoliated structure is of particular interest because it maximizes 
the polymer–clay interactions, allowing contact between the entire surface of each layer and the 
polymer. This should lead to the most significant change in mechanical and physical properties. 
Figure 1 shows the wide angle X-ray diffraction patterns, and it was observed that for raw 
OMLSs (30B used here), a significant peak at around 5° (layer spacing is about 1.79 nm) occurred, 
which was coincident with the information supplied by Southern Clay Products. For PVDF with 
2%wt OMLSs, no peak was observed, which suggests completed exfoliated nanocomposites were 
achieved. However, for PVDF with 5%wt OMLSs, a tiny peak appeared at lower angle than the raw 
OMLSs, which suggests some intercalated structures with bigger space between the clay platelets 
existed. With the introduction of interfacial modifier, ADX, the peak with stronger intensity shifted 
to higher angle, which suggests that more intercalated structure with smaller clay spacing appeared. 
To further verify the morphology, TEM has been employed. To obtain representative images of 
both the micro and the nano structures of the prepared nanocomposites, at least ten different 
positions with various magnifications were investigated. Representative images of nanocomposites 
with 5 wt% OMLSs are shown in Figure 2 at different magnifications. It can be seen that most clay 
layers were well separated from one another and dispersed quasi-homogenously in the continuous 
matrix. However, a small ratio of intercalated structures can be seen, which was coincident with the 
XRD results. 
 Figure 1 Wide angle X-ray diffraction patterns for OMLSs and its nanocomposites. 
 
Figure 2 TEM image of PL5 with different magnifications (Nanocomposites with 5%wt OMLSs). 
3.2 Crystallization behaviour and crystal structure 
Typical DSC heating and cooling curves are plotted in Figure 3 and Figure 4, and the 
corresponding data are summarised in Table 2, in which the enthalpy has been normalized 
according to the net weight of PVDF matrix in the nanocomposites. From the data it can be seen 
that the addition of OMLSs in PVDF resulted in a decrease in the enthalpy obtained for both 
crystallization and melting (ΔHc and ΔHm), implying a decrease in the crystallinity in PVDF. The 
decrease in crystallinity may be due to the interaction between the OMLSs and PVDF, which 
appeared to be quite strong as evidenced by the formation of the new phase PVDF (-phase) [20]. 
The equilibrium melting temperature (Tm) and crystallization temperature (Tc) increased 
significantly upon the addition of 2 wt% OMLSs as given in Table 2. At the same time, it was 
observed that the addition of ADX did not obviously alter the melting and cooling behaviour. This 
was evidenced by little change in the enthalpy for crystallization and melting (ΔHc and ΔHm), 
equilibrium melting temperature (Tm) and crystallization temperature (Tc). The limited effect that 
the ADX has on the PVDF crystallisation may be due to the fact that most ADX molecular chains 
were located in the interfacial region and cannot cause obvious impact on the whole crystallization. 
 
Figure 3 Non-isothermal DSC scans of PVDF and its nanocomposites. Left is the first heating round, 
and right is the second heating round. 
 
 Figure 4 Crystallization DSC curves for PVDF and its nanocomposites.  
Table 2 DSC parameters of PVDF and its nanocomposites (normalized). 
 
Sample 
ΔHm(J/g) Tm(
0
C) ΔHc(J/g) Tc 
1
st
 Heating 2
nd
 Heating 1
st
 Heating 2
nd
 Heating 
PVDF 
PL2 
PL5 
PL5A3 
PL5A5 
PL5A10 
ADX 
42.97 
40.32 
39.67 
39.90 
40.85 
41.47 
42.01 
43.07 
40.24 
40.38 
40.15 
40.90 
40.53 
41.56 
166.76 
172.66 
173.16 
173.32 
173.35 
173.22 
166.91 
166.14 
173.19 
173.31 
173.57 
173.45 
173.22 
166.82 
42.88 
35.99 
36.56 
36.57 
37.53 
37.58 
41.45 
134.32 
142.00 
143.08 
142.74 
142.29 
142.03 
143.01 
 
For better understanding the crystal structure of PVDF, FTIR spectroscopy has been used as an 
effective tool 
[30-33]
. The result of FTIR is shown in Figure 5. The α-phase PVDF bands at 974, 
795,764 and 614 cm
-1
 can be clearly observed in pure PVDF. However, with the addition of layered 
silicates, a peak at 840 cm
-1
 for all nanocomposites occurred, indicating a change in the crystalline 
morphology 
[20]
. The bands appearing at 840 cm
-1
 is common for both γ- and β-phases. At the same 
time, it can be clearly noticed that the shoulder peak at 812 cm
-1
, which is specific to -phase. Thus, 
in this research, the PVDF-OMLS samples crystallized into -phase.  
 Figure 5 ATR-FTIR spectra for PVDF and its nanocomposites. 
3.3 Dynamic mechanical behavior 
Figure 6 shows the storage modulus and Tan δ of PVDF and its nanocomposites. It was observed 
that the storage modulus of PVDF was enhanced by the addition of OMLSs over the temperature 
range from -100 to 150 °C and the enhancement was more profound when the addition amount is 
5%wt. With the addition of ADX, there was little increase in the storage modulus. Tan δ curves of 
PVDF and its nanocomposites showed a broad peak near -30 °C for PVDF and its nanocomposites, 
which corresponds to the Tg of PVDF. No obvious change in the Tg was observed by the addition of 
OMLSs and ADX. This can be explained by the fact that OMLSs, acting as nucleation sites, were 
preferentially present in the crystalline regions because the polymer can crystallize on the clay 
surface. At the same time, because of the interaction between clay and ADX, ADX preferred to 
locate on the clay surface. Therefore, OMLSs and ADX would predominately influence the 
behaviour of crystallites and properties of the interface rather than the amorphous region which is 
responsible for Tg. Further evidence of this can be obtained from the fact that the high temperature 
transition (α) around 90 °C, which is assigned to the liberation of PVDF chains in the crystalline 
regions 
[1]
, changed significantly with the addition OMLSs. For sample PL2, the layered silicates 
showed strong restriction for the liberation of the PVDF chains in the crystalline regions due to the 
completed exfoliated structure, which led to a dramatic decrease of the transition (α) temperature. 
However, with the formation of the intercalated structure, the restriction became weaker and an 
increase of the transition (α) temperature occurred.  
 
Figure 6 Temperature dependence of the storage modulus (left) and Tan δ (right) for PVDF and its 
nanocomposites. 
3.4 Mechanical properties 
Tensile and creep tests were carried out in order to determine the mechanical properties of the 
PVDF nanocomposites. Typical stress–strain curves at a loading speed of 5 mm/min for all 
nanocomposites are shown in Figure 7, and the mechanical properties calculated from the stress-
strain curves are shown in Table 3. It was observed that the addition of OMLSs increased the 
modulus, especially when the addition amount was at 5 %wt, where the modulus was increased by 
40% (from 1.95 to 2.72 GPa). With the addition of 3 wt% ADX, the modulus was increased up to 
70% compared with the pure PVDF (from 1.95 to 3.32 GPa). However, the addition of more ADX 
(from 3 %wt onwards) did not increase the modulus further; instead the modulus decreased. For 
example, when the addition amount of ADX was 10 %wt the modulus decreased from 3.32 to 
3.01GPa. This result indicated the existence of a threshold for the addition amount of ADX, which 
was found to be in the range of 3 %wt for the current PVDF-OMLSs system. 
 Figure 7 Typical stress–strain curves of PVDF and its nanocomposites. 
Table 3 Mechanical Properties from Tensile Testing for PVDF Nanocomposites. 
Sample Young’s modulus (GPa) Tensile strength (MPa) Elongation at break (%) 
PVDF 
PL2 
PL5 
PL5A3 
PL5A5 
     PL5A10 
1.97(0.04) 
2.13(0.12) 
2.71(0.19) 
3.32(0.19) 
3.14(0.09) 
3.00(0.13) 
49.3(0.5) 
48.8(0.5) 
50.4 (1.5) 
50.0(2.0) 
49.5(1.4) 
49.0(1.1) 
254.3(121.2) 
21.7(13.1) 
20.5(9.6) 
47(15.1) 
21(17.8) 
21(11.1) 
Figure 8 shows the creep behaviour of the PVDF and its nanocomposites. It was observed that 
with the addition of 2%wt OMLSs, the creep resistance increased significantly, which suggests that 
the introduction of layered silicates is a good way to improve the creep resistance. With the amount 
of clay increasing further to 5%wt, the creep strain decreased further. With the addition of ADX, 
the resistance to the creep increased initially (3%wt ADX), and then decreased, which indicated the 
existence of a threshold for the addition amount of ADX to improve the creep resistance. This is 
coincident with the changing of the Young’s modulus. The creep stain (after 2h) for PL5A3 
decreased by 23.6% compared with the pure PVDF. The creep rate curves were shown in Figure 9. 
The changing trend is that same as the Young’s modulus and creep strain. The creep rate (after 2h) 
for PL5A3 decreased by 46.1% compared with the pure PVDF. The improvement of the properties 
(stiffer and lower creep) of PVDF nanocomposites prepared in this research showed its advantage to 
replace pure PVDF using in thermoset composite welding (TCW) technology. 
 Figure 8 Tensile creep strain vs. test duration-curves of PVDF and its nanocomposites under 20MPa. 
 
Figure 9 Tensile creep rate vs. test duration-curves of PVDF and its nanocomposites under 20MPa. 
4. Discussion 
A lot of research showed that the addition of the MAH grafted polymer as compatibilizer can 
help the dispersion of the layered silicates, and results in better properties 
[34, 35]
. However, 
Kawasumi et al. observed that a lower content of MAH functional groups have better reinforcement 
[36]
. They concluded that the lower content of MAH has better miscibility with the matrix, which 
can result in better dispersion and achieve better reinforcement. Results from Xu et al. 
[37]
 reported 
that the addition of PP-MAH did help the dispersion of layered silicates, while tactoids were found 
too. It can be seen that the effect of the addition of MAH grafted polymer is complicated. Normally 
the carboxylic anhydride groups can provide covalent bonding to the surface clay, especially the 
clays used here were organically modified, which included large amount of hydroxyl groups. Mittal 
[38]
showed that the hydroxyl groups on the surface of clay could be surface reacted with long chain 
fatty acids. Here, it was observed that the introduction of the ADX changed the morphology of the 
clay, which led to more intercalated structure with smaller clay spacing. A possible explanation of 
these effects is shown schematically in Figure 10. The ADX used here is a high molecular weight 
macromolecule with excessive long chain macromolecules. The preferred morphology for those 
macromolecules is a random coil structure. At the same time, the carboxylic anhydride groups of 
the ADX may form chemical interaction with the functional group on the surface of the clays. If the 
interaction occurs, the ADX will be difficult to move further, and possible to block the access for 
the other ADX to move into the space. The XRD and TEM results have shown that the intercalated 
structure with the space of several nanometres existed. Between the clay layer, interpenetration or 
entanglements of the coils of the ADX would occur (Figure 10 right). During solidification, the 
shrinkage of those interpenetration or entanglement structures of the ADX would cause the decrease 
of the distance between the nearby clay layers, and resulted in the appearance of the intercalated 
structure with smaller clay spacing. 
 
Figure 10 Proposed schematic diagram for the long chain macromolecules, ADX. Left is an 
arbitrary pair of nearest-neighbour coils to illustrate their radius of gyration (Rg) and the fact that 
interpenetration or entanglement between the coils exists; Right is the possible structure of the ADX 
chains on the OMLSs surface. 
    The threshold of ADX found in our research may result from the formation of an independent 
phase of ADX, which coated on the surface of the clays. As shown in Figure 11, when the addition 
of ADX is less that 3%wt, the ADX fixed on the surface of the clay cannot coat the entire surface, 
so the PVDF molecular chains can contact with the surface of the clay and interpenetrate or 
entangle with the ADX coil. This would improve the interaction between the polymer matrix and 
clay, so the improvement of the properties was observed, which showed the increase of the modulus 
and creep resistance. However, with the amount of the ADX increasing, and when the amount is 
over the threshold value, an independent phase of ADX coated all the surface of the clay occurred. 
This is due to the interaction between ADX and clay, which would make the ADX located 
preferentially on the surface of the clay. In this situation, the PVDF matrix cannot contact with the 
surface of clay, and the chance for the formation of interpenetration or entanglement structures 
between ADX and PVDF matrix decreased. So the decrease of the properties occurred, which 
showed a decrease of the modulus and creep resistance in this research.  
5. Conclusion 
PVDF/OMLSs nanocomposites have been fabricated using a solution method with a phase 
inversion technique. XRD and TEM results showed that completed exfoliated layered silicates 
nanocomposites were achieved when the concentration was 2%wt, while small ratio of intercalated 
structure existed when the concentration was 5%wt. With the addition of ADX, the intercalated 
structure with smaller clay spacing occurred. ATR-FTIR tests showed that the addition of OMLSs 
induced γ-phase PVDF. DMA test showed that the addition of OMLSs increased the storage 
modulus, especially when the amount was 5%wt. Tensile test indicated that the addition of OMLSs 
increased the modulus by 40% and with the addition of ADX the Young’s modulus was increased 
up to 70% compared with the pure PVDF. Creep test showed that clay can increase the creep 
resistance significantly, and ADX was a good interfacial modifier, which resulted in the increase of 
creep resistance further. However, excessive amount of ADX would form an independent phase 
coated on the surface of the clay, and result in the decrease of the properties. The stiffer and lower 
creep of PVDF nanocomposites prepared in this research showed its advantage to replace pure 
PVDF using in thermoset composite welding (TCW) technology. 
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2.3.2 PVDF/multiwall carbon nanotubes nanocomposites 
2.3.2.1 Introduction 
The aim of this section is to investigate the effect of carbon nanotubes on the structures and 
properties of PVDF. According to the literature review in the previous chapter, due to their 
excellent properties, carbon nanotubes were shown to be a good candidate for polymer 
reinforcement. Therefore, multiwall carbon nanotubes were employed in this research to reinforce 
PVDF. To achieve good dispersion, functionalisation of carbon nanotubes by chemical treatment to 
attach a functional group was undertaken. The PVDF-g-MAH was added to improve the 
compatibility between PVDF and functionalised carbon nanotubes. The results showed that the 
addition of carbon nanotubes improved the properties (Young’s modulus, storage modulus and 
creep resistance) for PVDF. For creep resistance, PVDF with 5 wt% multiwall carbon nanotubes 
showed the highest improvement, and the addition of 10 wt% PVDF-g-MAH did not show 
significant improvement further. This made PVDF with 5 wt% multiwall carbon nanotubes another 
good candidate to be used in TCW technology. Section 2.3.2 is included as it appears in Journal of 
Applied Polymer Science, 2012, 125, E592–E600.  
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ABSTRACT: Poly(vinylidene fluoride) (PVDF)/multiwall
carbon nanotubes (MWCNTs) were prepared by a phase
inversion technique. Long chain macromolecules, maleic
anhydride grafted PVDF (PVDF-MAH) were used to fine
tune the interface. Transmission electron microscopy (TEM)
images revealed that the MWCNTs are quasi-homogene-
ously dispersed in the PVDF matrix. The results of differen-
tial scanning calorimetry (DSC) and attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) showed that the addition of MWCNTs induced
b-phase PVDF, and both the melting behavior and crystal
structures of PVDF did not change obviously by the addi-
tion of MWCNTs. However, the addition of long chain mac-
romolecules PVDF-MAH did not alter the crystal structure
according to the ATR-FTIR test, but significantly changed
the melting behavior as evidenced by a multiple melting
behavior detected by DSC. Dynamic mechanical analysis
(DMA) tests showed that both the addition of MWCNTs
and PVDF-MAH increased the storage modulus and
the improvement of nanocomposites was better at low tem-
perature regions than high temperature regions. In addition,
no significant change of the Tg was observed with the
addition of MWCNTs and PVDF-MAH. Tensile tests
showed that the addition of MWCNTs and PVDF-MAH
increased the modulus and tensile strength. Creep test
showed that the addition of MWCNTs can increase the creep
stability. However, the interfacial modification here was not
enough to change the creep behavior significantly. VC 2012
Wiley Periodicals, Inc. J Appl Polym Sci 125: E592–E600, 2012
Key words: multiwall carbon nanotubes; poly(vinylidene
fluoride); creep behavior; phase inversion technique
INTRODUCTION
Since their discovery by Iijima,1 a number of exotic
physical properties of carbon nanotubes (CNTs) have
been observed. Research has shown that the Young’s
modulus for CNTs is superior to all carbon fibers
with a value greater than 1 TPa,2 while the highest
strength measured is 63 GPa.3 Even the weakest type
of CNTs have strengths of several GPa.4 Another
advantage for CNTs is the high aspect ratio, which
have diameters ranging from 1 to 100 nm and lengths
of up to several millimetres.5 This combined with the
properties makes CNTs ideal candidates as advanced
filler materials in composites.6–11
There are four main requirements for effective
reinforcement. These are a large aspect ratio, good
dispersion, alignment, and interfacial stress trans-
fer.9,12,13 Dispersion is a fundamental issue.
Uniformly dispersed CNTs coated with polymer is
imperative to achieve efficient load transfer to the
nanotube network, which results in a more uniform
stress distribution and minimizes the presence of
stress-concentration centres. The dispersion of CNTs
can be achieved by controlling the processing using
solution method with functionalized CNTs or an ul-
trasonic treatment.14 Normally there are several
ways to fabricate polymer CNTs nanocomposites: (1)
solution mixing, (2) In situ polymerization,15 or (3)
melt processing.16 The solution method is the most
common method for fabricating polymer nanocom-
posites because good dispersion can be obtained by
the selection of solvent and treatment of the carbon
nanotubes. At the same time, further interfacial
modification can be achieved easily in solution.
However, large amounts of solvent are used in this
method, most of which is not friendly with the
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environment. In addition, traditional solution meth-
ods need a long time to evaporate the solvent, which
may result in the CNTs reagglomerate during slow
solvent evaporation, leading to inhomogeneous dis-
tribution of the CNTs in the polymer matrix. In situ
polymerization is ideal for the creation of polymer/
CNTs nanocomposites because of the free radical
initiated, addition chain reaction of vinyl monomers
at a molecular level.14 However, as polymerization
progressing, the viscosity of the reaction medium
increases, and the extent of in situ polymerization
reactions might be limited.17 Melt blending uses
high temperature and high shear forces to disperse
nanotubes in a polymer matrix and is most compati-
ble with current industrial practices. However,
relative to solution blending methods, melt blending
is generally less effective in dispersing nanotubes in
polymers and is limited to lower concentrations due
to the high viscosities of the composites at higher
nanotube loadings.17 Consequently, it remains a
challenge to develop methods to fabricate polymer
carbon nanotube nanocomposites, which are friendly
to the environment, with good dispersion, high
material outputs.
Poly(vinylidene fluoride) (PVDF) is a semicrystal-
line polymer with a variety of interesting properties.
PVDF has been a widely studied polymer because of
its potential as piezoelectric and pyroelectric materi-
als. These properties, combined with high elasticity
and processing ability, provide a variety of techno-
logical applications for this polymer.18 Our previous
research showed that PVDF has high potential in the
thermoset composite welding (TCW). The world-
class international patented technology showed great
potential for cost saving in the joining and repairing
of composite materials and represents the ‘‘Next-
Generation’’ assembly technology for aerospace com-
posite structures.19 However, the poor creep stability
has hampered the application in TCW.
In this research, a phase inversion technique was
used to fabricate PVDF/multiwall carbon nanotubes
(MWCNTs) nanocomposites. The phase inversion
technique is a mature method to fabricate mem-
branes.20–27 Although solvent is still used in this
method, the solvent is removed into the antisolvent
(water), and could be recycled due to the big differ-
ence in the evaporation temperature between the
solvent N-methyl-2-pyrrolidone (NMP) (about
200C) and water (about 100C). Therefore, the
phase inversion method used in our current study is
certainly an environmentally benign method. During
the fabrication, the solidification of the nanocompo-
sites film is very quick, which can avoid MWCNTs
reagglomeration, and shorten the fabrication time. A
detailed procedure can be seen in the experimental
section. The additional advantages of the phase
inversion technique include enabling easy prepara-
tion of nanocomposites with high content of
MWCNTs [1] and improving the dispersion of
MWCNTs within the polymer matrix at the same
time [2]. The nanocomposites with high content of
MWCNTs can then be used as a master-batch mate-
rial to mass-produce nanocomposite in a more tradi-
tional melt-blend process, which is compatible with
potential industrial applications. The results will be
published in a separate publication.
Because of their highly hydrophobic character,
MWCNTs are chemically inert and remain indisper-
sible in almost all solvents (including molten poly-
mers and monomers). Hence, they do not interact
strongly with polymer chains28,29 and surface func-
tionalization of MWCNTs is necessary to achieve
high performance. In this present work, a long chain
grafted PVDF is used to fine tune the interface
between the matrix and MWCNTs.
MATERIALS AND METHODS
Materials
PVDF (Kynar 741, powder) and maleic anhydride
grafted PVDF (MAH-graft-PVDF, Kynar ADX-161)
named from here on as ADX were kindly supplied
by Arkema (Australia, New Zealand). The MWCNTs
with diameter of 10–30 nm (mainly around 20 nm)
were purchased from Tsinghua University, China.
Analytical grade NMP and H2O2 were used as
solvents and purchased from Aldrich.
Functionalization of MWCNTs with hydroxyl
group
A lot of research has shown that MWCNTs with
hydroxyl group can be obtained by a hydrogen per-
oxide treatment.30–33 To guarantee that the hydroxyl
groups will attach onto the MWCNTs surface, the
procedure of functionalization used in this current
study followed the reference.33 The pristine
MWCNTs were refluxed in HCl (4 : 1) for 4 h at
80C for purification. The samples were then
extracted several times by filtration, until the solu-
tion reached a pH value of 7. The treated MWCNTs
(t-MWNTs) were then immersed and refluxed in
hydrogen peroxide for 65 h at 60C to attach
hydroxyl groups onto the side wall of MWNTs.33
Nanocomposites preparation by phase inversion
technique
The procedure for fabrication of the nanocomposites
was as follows: (1) MWCNTs were dispersed in sol-
vent NMP with strong magnetic stirring and ultra-
sonic treatment (60 kHz, 1.5 h). At the same time,
the polymer, PVDF, was dissolved in NMP to form
PVDF solution (the ratio of PVDF and solvent was
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1 : 5 by weight); (2) The MWCNTs dispersion and
the PVDF solution were mixed together again with
strong magnetic stirring and ultrasonic treatment; (3)
The mixed solution was poured onto a glass plate,
and then compressed with another glass plate to a
thickness of about 50 micro; (4) the glass plates were
placed into deionized water (the antisolvent to
NMP), which caused the film to solidify in several
minutes. The wet films were then dried in a vacuum
oven for 72 h at 80C (to avoid the remnant of the
solvent). For samples with the addition of ADX, an
NMP solution of ADX (the ratio of ADX and solvent
was 1 : 10 by weight) was firstly added into
MWCNTs liquid with magnetic stirring and ultra-
sonic treatment for 3 h to let the maleic anhydrate
groups react with the hydroxyl groups, and then
PVDF-NMP liquid was added. Finally, the dried
MWCNTs nanocomposite films were compression
moulded at a temperature and pressure of 200C
and 5.0 MPa, respectively. The thickness of the com-
pression-molded films was about 0.5 millimetres.
Although it seems that the above mentioned pro-
cedure is very complicate and labor intensive in the
laboratory scale, actually it can be mass-produced by
the procedure showed schematically in Figure 1.
Due to the character of NMP, the solvent can be
easily recycled using water. Through the good cor-
poration of the each step, the procedure can form a
complete close cycle and work automatically. Except
the addition of PVDF and MWCNTs, no more labor
is needed. After the addition of the NMP at the start,
almost no more NMP is needed, so the fabrication
procedure is benign to the environment. The energy
from the steam can be used to help drive the stirrer
or dissolve polymer, and hence can save energy. In
all, the method used in this research is compatible
with potential industrial applications and environ-
ment-friendly.
As summarized in Table I, various blend formula-
tions were prepared and analyzed.
Characterization
The ultrathin TEM samples (about 50 to 100 nm in
thickness) were cut on a Leica EM UC6 ultramicro-
tome (Leica Microsystems, Wetzlar, Germany), and
then investigated by using a Philips Tecnai F20
transmission electron microscope (TEM) equipped
with a field emission gun (FEG) at 200 kV. Digital
images were acquired by a Gatan CCD camera
and then processed by Digital Micrograph v3.9.1
(Gatan, Inc).
DSC tests were conducted by means of a TA Q20
differential scanning calorimeter. In the tests, sam-
ples of about 5 mg were heated to 200C at a rate of
10C/min under a nitrogen atmosphere and held at
200C for 5 min to eliminate the thermal history.
Afterward, the samples were cooled to 20C at a rate
of 20C/min, held about 3 min at 20C, and then
heated again to 200C at a heating rate of 10C/min.
The temperature and heat flow scales were
calibrated using the melting of high-purity indium
and zinc samples before testing.
ATR-FTIR spectrum was obtained using a Nicolet
5700 ART spectrometer with an average of 200 scans
in the range 400–4000 cm1 to obtain the crystal
structural for the nanocomposites.
The DMA (tension deformation) was carried out
using a TA Instruments Q800 DMA. All the samples
were measured over a temperature range of 100C
to 150C at a heating rate of 3C/min and at a fre-
quency of 1 Hz. The dimensions of specimens are
30  4  0.5 mm3.
The mechanical properties of all materials were
measured by an Instron 5584 universal testing
machine with a 100 N load cell at a crosshead ve-
locity of 5 mm/min until failure, which equipped
with advanced video extensometer. Dumbbells
were punched out of the nanocomposites sheets
according to ATSM D-638 (type V). At least five
samples were measured for each batch. Creep tests
were done at the stress level of 20 MPa. The
samples were loaded for 2 h according to ASTM
D 2990-01. The dimension of specimen is 10 
2.5  0.5 mm3.
Figure 1 The schematic flow diagram of processing.
TABLE I
Samples Codification
Sample Composition
PVDF PVDF (100% wt)
PN2 PVDF (100% wt) þMWCNTs (2% wt)
PN5 PVDF (100% wt) þ MWCNTs (5% wt)
PN5A2 PVDF (98% wt) þ MWCNTs (5% wt)
þ ADX (2% wt)
PN5A5 PVDF (95% wt) þ MWCNTs (5% wt)
þ ADX (5% wt)
PN5A10 PVDF (90% wt) þ MWCNTs (5% wt)
þ ADX (10% wt)
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RESULTS AND DISCUSSION
Morphology of the nanocomposites
To assess the dispersion of the carbon nanotubes,
the thin sections of the nanocomposites were exam-
ined in the TEM. To obtain a true representation of
the microstructure, at least 10 positions were investi-
gated for each film, and representative images were
taken. Figure 2 shows the typical TEM images of the
nanocomposites with 5% wt MWCNTs. It can be
seen that the MWCNTs were almost homogeneously
dispersed in the PVDF matrix. For traditional melt
processing, it is very hard to achieve such good dis-
persion at this MWCNTs concentration, which is a
big step.
Several factors are believed to contribute to the
good dispersion of MWCNTs in the PVDF matrix:
First, it is known that the solution blending method
is an easy way to achieve good dispersion, especially
with ultrasonic treatment and magnetic stirring.17,34
The solvent NMP used in this research has good sol-
ubility with MWCNTs, because it has high values
for b (the hydrogen bond acceptance basicity), negli-
gible values for a (the hydrogen bond donation
parameter of Taft and Kamlet), and high values for
p* (solvochromic parameter).35,36 Second, the chemi-
cal treatment which attached hydroxyl functional
groups to the surface helped the dispersion of
MWCNTs in the solvent and hence formed a stable
suspension. Third, the fast phase separation method
used in this research avoided the drawback of the
traditional solvent casting method, which needs
much longer time to evaporate the solvent and may
result in reagglomeration during evaporation.
Figure 2 TEM image of PN5 (nanocomposite with 5% wt MWCNTs).
Figure 3 Non-isothermal DSC scans of PVDF and its CNTs nanocomposites (the first heating curve). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Crystallization behavior and crystal structure
Some research results show that MWCNTs can act
as a nucleating agents during the crystallization
process of semicrystalline polymers such as polypro-
pylene (PP),37,38 polyethylene (PE),39 and poly(ethyl-
ene terephthalate) (PET).40 As a result, the rate of
crystallization of the polymer increases, and in most
cases the melting temperature also increases.
Figures 3 and 4 show the first and second DSC
heating curves for PVDF and its nanocomposites.
DSC results of the pure PVDF and nanocomposites
are summarized in Table II. PVDF had a melting
temperature around 166C. It seems that the addi-
tion of MWCNTs did not significantly alter the melt-
ing behavior, only causing a small decrease of the
DHm and a small change of the Tm both for the first
and second heating curves. The addition of the long
chain macromolecules, ADX, had obvious effects on
the melting behavior. It can be seen that the DHm
decreased a little with the addition of ADX. Another
profound change is the increase of melting tempera-
ture and the appearance of multimelting behavior,
which is related with the appearance of b phase.
Huang et al.41 also reported the same multimelting
behavior, and they believe the lower melting peak is
attributed to a-phase while the higher one to the b
phase as assigned from WXRD data. Double or mul-
tiple melting behavior has been investigated exten-
sively and a number of possibilities to explain this
phenomenon have been proposed as follows: (1) the
presence of more than one crystal form (polymor-
phism); (2) the presence of different morphologies
(lamellar thickness, distribution, perfection, or stabil-
ity); (3) the presence of melting, recrystallization,
and remelting processes during the DSC heating;
(4) physical ageing and/or relaxation of the rigid
amorphous fraction; (5) different molecular weight
species, and so on.42,43
To verify the crystal structures of our nanocompo-
sites, ATR-FTIR was conducted, and the result is
shown in Figure 5.
The formation of b phase was confirmed by the
absorption peaks in FTIR spectra. The a-phase PVDF
bands at 974, 795,764, and 614 cm1 can be clearly
observed in pure PVDF as well as in all PCNs.
b-phase PVDF bands are observed at 840 cm1 in
the nanocomposites, indicating a change in the crys-
talline morphology.44
The fraction of b-phase in the nanocomposites was
determined from the FTIR scans as:
FðbÞ ¼ Ab
1:3Aa þ Ab ;
where Aa and Ab are the absorbances in FTIR spec-
trum corresponding to the 764 and 840 cm1 bands,
respectively.45 The result is shown in Table III.
A lot of research showed that the addition of the
nanofillers will induce the b-phase PVDF.46–49 It can
Figure 4 Non-isothermal DSC scans of PVDF and its CNTs nanocomposites (the second heating curves). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
TABLE II
DSC Results from First-Heating and Second-Heating
Thermograms
Sample
First round Second round
DHm (J/g) Tm (C) DHm (J/g) Tm (C)
PVDF 42.97 166.76 43.07 166.14
PN2 41.04 166.92 40.69 167.14
PN5 40.53 165.96 40.19 166.42
PN5A2 37.73 166.41 37.63 166.62
PN5A5 38.90 171.63 38.86 166.38
PN5A10 38.64 171.85 38.30 172.05
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be seen that the addition of MWCNTs indeed
induced the b-phase PVDF. The reason is believed to
be the fact that MWCNTs surface has zigzag carbon
atoms and those atoms match with the all-trans con-
formation of b-phase PVDF, and as a result induce
crystallization of PVDF in the b polymorphic struc-
ture.50 However, other nanofiller with different
form, such as layered silicate, can induce b-phase
PVDF too. So the nature of the nanofiller inducing b
polymorphic structure is not clear yet. On the basis
of the value of F(b) calculated from the FTIR spectra,
the addition of ADX did not increase the amount of
b-phase significantly. However, the addition of ADX
did create an additional melting peak belonging to
the b-phase as detected by DSC. The reason for this
phenomenon is that more b-phase was formed due
to melt-recrystallization during the DSC heating run.
To verify this assumption, DSC tests on sample
PN5A10 were conducted using different heating rates
(Fig. 6). It can be seen that with the increase in heat-
ing rate, the lower melting peak that represents the
a-phase became stronger, while the higher melting
peak that represents the b-phase became weaker.
With the increase of heating rate, less time is avail-
able for melt recrystallization and thus less b-phase
will be formed, leading to the weaker higher melting
peak (b-phase) and a stronger lower melting peak
(a-phase). It can also be seen that the addition of
ADX facilitated the development of b-phase because
the ADX can increase the interaction between the
MWCNTs and PVDF polymer. Manna et al.50 also
reported that in functionalized MWCNTs compo-
sites, the formation of b-phase is completed at
higher F- MWCNTs concentration due to specific
interaction, and in the unfunctionalized MWCNTs,
the partial b-phase formation is due to the lack of
any specific interaction.
Dynamic mechanical behavior
In dynamic mechanical (DMA) testing, the sample is
subjected to repeated small-amplitude strains in a
cyclic manner. The storage modulus (E0), the loss
modulus (E00) and the loss tangent (tan d ¼ E00/E0)
are measured. E0 is a measure of the energy stored
elastically whereas E00 is a measure of the energy
lost as heat. Tan d is also called damping and it indi-
cates how efficiently the material loses energy to
molecular rearrangements and internal friction. The
tan d curve reveals the existence of various types of
transitions in the polymer sample.51
Figure 7 shows the storage moduli of PVDF and
its nanocomposites. The storage modulus of PVDF
was enhanced by the addition of MWCNTs as well
as ADX over the temperature range from 100C to
150C. Reinforcement was better at low-temperature
regions than high-temperature regions.
Figure 8 shows the tan d curves of PVDF and its
nanocomposites. These curves show a broad peak
near 30C for both PVDF and its nanocomposites,
which corresponds to the Tg of PVDF. No significant
change in the Tg was observed by the addition of
MWCNTs and ADX. This may be explained by the
fact that MWCNTs act as nucleation sites and are
Figure 5 ART-FTIR spectra of PVDF and its CNTs nano-
composites. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
TABLE III
Fraction of b-Phase, F(b), Calculated from FTIR Spectra
Sample F(b)(%)
PVDF 0
PN2 41.48
PN5 40.96
PN5A2 42.27
PN5A5 39.48
PN5A10 45.53
Figure 6 Non-isothermal DSC scans of PN5A10 nano-
composite (different heating rates). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
PROPERTIES OF PVF/MWCNTS E597
Journal of Applied Polymer Science DOI 10.1002/app
preferentially associated with the crystalline regions
while the ADX prefers to locate in the interface.
Consequently, they influence the crystallites and
interface rather than the amorphous region which is
responsible for Tg. This also provides an explanation
for the significant changes with the addition of
MWCNTs in the high temperature transition (a)
around 90C, which was ascribed to the liberation of
PVDF chains in the crystalline regions.18
Mechanical properties
Tensile measurements and creep test were carried
out to determine the mechanical properties of the
PVDF nanocomposites. Typical stress–strain curves
at 5 mm/min for all nanocomposites are shown in
Figure 9, and the mechanical properties calculated
from the stress–strain curves are shown in Table IV.
The results show that Young’s modulus and tensile
strength increase steadily with the addition of the
MWCNTs and ADX. However, the elongation at
break decreases obviously. Typical creep strain
curves are shown in Figure 10, which shows that the
addition of MWCNTs reduces the creep strain. How-
ever, the interfacial modifier agent hasn’t signifi-
cantly influence on the creep strain.
The addition of MWCNTs increase the storage
modulus, Young’s modulus, and tensile strength,
and reduces the creep strain, which suggest that the
MWCNTs works as reinforcing agent here. With the
addition of interfacial modifier ADX, the storage
modulus, Young’s modulus, and tensile strength
increase further. However, the creep strain hasn’t
obvious decrease, and the reason is due to the differ-
ence response of the nanocomposites to the different
stimulus, and different structures dominated the
properties for the tensile and creep test.
For tensile test, the stress transfer is the key point
for the improvement of the Young’s modulus due to
the fast deformation rate. So the improvement of the
interaction affected the Young’s modulus signifi-
cantly. However, for the creep test, the network
Figure 7 Temperature dependence of the storage modulus for PVDF and its CNTs nanocomposites. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
Figure 8 Tan d as a function of temperature for PVDF and its CNTs nanocomposites. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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structure played the key role due to the slow defor-
mation rate. Research has shown that the introduc-
tion of nanofiller can improve creep stability.52–55
For the improvement of creep stability by the addi-
tion of nanofillers, the reduction of the chain mobil-
ity due to the presence of the nanofillers provide an
effective explanation for the enhancement of the
material stability under creep condition.53 However,
from the DMA test, no significant change in the Tg
was observed by the addition of MWCNTs and
ADX, which meant that there was not significant
changes about the chain mobility. So the reduction
of the chain mobility cannot explain the improve-
ment of the creep stability. It was thought the
improvement was due to the network structures
formed by the MWCNTs. Because of the high aspect
ratio and good mechanical properties, the normal
state of MWCNTs is bent, and with the increase of
the amount, some MWCNTs connect by physical
contact and form network structure, which can be
imagined as claw with a lot of bent fingers, which
dominated the creep behavior. So the 5% MWCNTs
decreased the creep strain significant. However,
further improvement of the interaction between the
PVDF matrix and the MWCNTs did not show signif-
icant improvement for the creep stability.
CONCLUSION
Quasi-homogenous PVDF/MWCNTs nanocompo-
sites have been fabricated using the phase inversion
technique. DSC and ATR-FTIR results showed that
the addition of MWCNTS induced b-phase PVDF,
and further addition of MWCNTs did not change
the melting behavior and crystal structures. The
addition of long chain macromolecules, ADX, did
not alter the crystal structure according to the
ATR-FTIR test, however, the melting behavior
changed significantly. Multiple melting behavior
occurred, which may have been caused by the melt
recrystallization during the DSC test. DMA results
showed that the addition of MWCNTs and ADX
increased the storage modulus, and the reinforce-
ment effect was more profound at low temperature
regions than high temperature regions. No obvious
change in the Tg was observed by the addition of
MWCNTs and ADX. Tensile tests showed that the
Young’s modulus and tensile strength increase with
the addition of the MWCNTs and ADX. Creep test
showed that the addition of MWCNTs can increase
the creep stability. However, the interfacial modifi-
cation here didn’t increase the creep stability
significantly.
The authors thank the Arkema for the supply of PVDF
and MAH-graft-PVDF free of charge. They are also heav-
ily indebted to Mr. Graham Ruhle from the Mechanical
and Mining Engineering N.A.T.A. endorsed Mechanical
Testing laboratory of the University of Queensland for
help with the tensile testing, and the editing work from
Mr. S. Davey.
Figure 9 Typical stress–strain curves of PVDF nanocom-
posites. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
TABLE IV
Mechanical Properties from Tensile Testing for PVDF
Nanocomposites
Sample
Young’s
modulus (GPa)
Tensile
strength (MPa)
Elongation
at break (%)
PVDF 1.97 (0.04) 49.3 (0.5) 254.3 (121.2)
PN2 2.27 (0.13) 50.8 (0.5) 40.8 (10)
PN5 2.29 (0.16) 50.6 (0.9) 38.3 (10)
PN5A2 2.37 (0.05) 51.7 (1.5) 46.1 (17)
PN5A5 2.61 (0.09) 52.8 (0.5) 30.8 (10)
PN5A10 2.79 (0.05) 52.8 (0.4) 33.7 (9)
Figure 10 Tensile creep strain vs. test duration-curves of
PVDF and its nanocomposites under 20 MPa. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Supplementary Information 
 
Figure 2.16 Tensile creep strain vs. test duration-curves of PVDF and its nanocomposites under 20MPa. 
 
Initially, during the creep test, the machine cannot control the loading stage precisely. Therefore, 
the creep strain presented in the publication “Journal of Applied Polymer Science” did not include 
the strain of the loading stage. However, later, the problem was overcome by using advanced video 
extensometer to record the strain. Here, Figure 2.16 shows the complete creep behaviour including 
the loading stage. The conclusion generated about the changes of creep behaviour is still the same 
as those in the published paper.   
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2.3.3 PVDF/Microcrystalline cellulose nanocomposites 
2.3.3.1 Introduction 
The aim of this section is to investigate the effect of the addition of microcrystalline cellulose on the 
structures and properties of PVDF. As shown in the previous chapter, the interaction between 
PVDF and nanofillers is a key factor for the improvement of their properties. The large amounts of 
hydroxyl groups in microcrystalline cellulose were by-product to improve the compatibility 
between the nanofillers and PVDF. Therefore, microcrystalline cellulose was employed in this 
research in an attempt to reinforce PVDF. The PVDF-g-MAH was added to improve the 
compatibility between PVDF and microcrystalline cellulose. The results showed that the addition of 
microcrystalline cellulose did not improve the properties (Young’s modulus and creep resistance) of 
PVDF. In fact, deterioration occurred. However, the addition of PVDF-g-MAH to the PVDF and 
microcrystalline cellulose improved the properties (Young’s modulus and creep resistance) of 
PVDF. In particular, PVDF with 5 wt% microcrystalline cellulose and 10 wt% PVDF-g-MAH 
showed significant improvement in creep resistance. This made it another good candidate to be used 
in TCW technology. Section 2.3.3 is included as it appears in Key Engineering Materials, 2011, 
471-472: 355-360.   
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Abstract. Poly(vinylidene fluoride)/Microcrystalline cellulose (MCC) nanocomposites were 
prepared by ultrasonic treatment and magnetic stir. Poly(vinylidene fluoride)-graft-maleic 
anhydride (PVDF-g-MAH) was added to promote matrix–filler compatibility. Transmission 
electron microscopy (TEM) results showed that the diameter of the MCC was decreased to several 
tens nanometers by the treatment of ultrasonic and magnetic stir. The results of differential scanning 
calorimetry (DSC) showed that the peak crystallisation temperatures (Tc) and the crystallisation 
enthalpy ∆Hc increased with the addition of MCC, and the melting enthalpy ∆Hm increased. With 
the addition of the compatibilizer (PVDF-g-MAH), peak crystallisation temperatures increased 
further, while without further increase of the ∆Hc. Attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR) showed that the addition of MCC induced β-phase PVDF, and 
the addition of PVDF-g-MAH can induce more β-phase PVDF. Mechanical properties of the 
nanocomposites were evaluated and the results showed that the addition of MCC did not increase 
the Young’s modulus, while the tensile strength and elongation at break decreased.  
Introduction 
The idea of using rigid fillers as a reinforcing agent is nothing new: straw has been used to 
reinforce mud bricks since about 4000 BC [1]. Recently, much interest has focused on the 
development of polymer nanocomposites based on highly anisotropic nanofillers. Polymers 
reinforced with cellulose nanofibers are interesting because of the high aspect ratio and potentially 
excellent mechanical properties of cellulose nanofibers (modulus of ca. 150 GPa and tensile 
strength of ca. 10 GPa) [2]. Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer with a 
variety of interesting properties, which has been widely studied because of its potential as 
piezoelectric and pyroelectric materials. These properties, combined with high elasticity and 
processing ability, provide a variety of technological applications for this polymer [3]. Our previous 
research showed that PVDF has high potential in the thermoset composite welding (TCW). The 
world-class international patented technology showed great potential for cost saving in the joining 
and repairing of composite materials and represents the "Next-Generation" assembly technology for 
aerospace composite structures [4]. However, the poor creep resistance has hampered the 
application in TCW.  
In this research, cellulose fibers were used to reinforce the PVDF. PVDF is hydrophobic, leading 
to compatibility issues when mix with polar surfaces, such as cellulose used here. The problem can 
be resolved by incorporating functionalised PVDF, such as PVDF-g-MAH. The structural similarity 
of PVDF and PVDF-g-MAH permits the occurrence of segmental co-crystallisation that is desirable 
for cohesive coupling, while the carboxylic anhydride groups can provide covalent bonding to the 
surface of cellulosic fibres [5]. 
Key Engineering Materials Vols. 471-472 (2011) pp 355-360
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Experimental Section 
Materials. PVDF (Kynar 741, powder) and maleic anhydride grafted PVDF (PVDF-g-MAH, 
Kynar ADX-161) named from here on as ADX were kindly supplied by Arkema (Australia, New 
Zealand). Analytical grade N-methyl-2-pyrrolidone (NMP) purchased from Aldrich was used as 
solvent. Microcrystalline cellulose (MCC) powder with average particle size of 20 micro was 
purchased from Sigma-Aldrich. 
The preparation of PVDF/MCC composites. The procedures for the fabrication of 
nanocomposites were as follows: 1) MCC were dispersed in solvent NMP with strong magnetic 
stirring and ultrasonic treatment (60 kHz, 1.5 h). At the same time, the polymer, PVDF, was 
dissolved in NMP to form PVDF solution (the ratio of PVDF and solvent was 1:5 by weight); 2) 
The MCC dispersion and the PVDF solution were mixed together again with strong magnetic 
stirring and ultrasonic treatment; 3) The mixed solution was poured onto a glass plate, and then 
compressed with another glass plate; 4) the glass plates were placed into deionized water (the 
antisolvent to NMP), which caused the film to solidify in several minutes. The wet films were then 
dried in a vacuum oven for 72h at 80 °C (to avoid the remnant of the solvent). For samples with the 
addition of ADX, an NMP solution of ADX (the ratio of ADX and solvent was 1:10 by weight) was 
firstly added into MCC liquid with magnetic stirring and ultrasonic treatment for 3h, and then 
PVDF-NMP liquid was added. The prepared nanocomposites films were compression molded at the 
temperature of 190 °C to make sheets for mechanical test and other characterizations. As 
summarized in Table 1, various blend formulations were prepared and analyzed. 
Table 1 Samples codification 
                Sample Composition 
PVDF 
PM2 
PM5 
PM5A2 
PM5A5 
PM5A10 
PVDF (100% wt.) 
PVDF (100%wt) +MCC (2%wt.) 
PVDF (100%wt) + MCC (5%wt.) 
PVDF (98%wt) + ADX (2%wt) + MCC (5%wt.) 
PVDF (95%wt) + ADX (5%wt) + MCC (5%wt.) 
 PVDF (90%wt) + ADX (10%wt) + MCC (5%wt.) 
Characterisation. Transmission electron microscopy (TEM) images of the prepared 
nanocomposites were obtained using a JEOL 1010A high-resolution transmission electron 
microscope operated at 100 kV. A Reichert-Jung Ultracut-E microtome was utilized to cut thin 
sections out of nanocomposites sheets with thickness of 50–70 nm for TEM characterisation. 
DSC tests were conducted by means of a DSC 2910 (TA Instruments, New Castle, DE, USA). In 
the tests, samples of about 5 mg were heated to 190 °C at a rate of 10 °C /min under a nitrogen 
atmosphere and held at 190 °C for 5 min to eliminate the thermal history. Afterward, the samples 
were cooled to 20 °C at a rate of 20 °C /min, held about 3 min at 20 °C, and then heated again to 
190 °C at a heating rate of 10 °C /min. The temperature and heat flow scales were calibrated using 
the melting of high-purity indium and zinc samples before testing. ATR FT-IR spectrum was 
obtained using a Nicolet 6700 ART spectrometer with an average of 200 scans in the range 400-
2000 cm
-1
 in order to obtain the crystal structural for the nanocomposites.  
The mechanical properties of all materials were measured by an Instron 5584 universal testing 
machine with a 100N load cell at a crosshead velocity of 5 mm/min until failure. Dumbbells were 
punched out of the nanocomposites sheets according to ATSM D-638 (type V). At least five 
samples were measured for each batch. Creep tests were conducted at the stress level of 20MPa. 
The samples were loaded for 2 h according to ASTM D 2990-01. 
Results and discussion 
Morphological Characterization. Cellulose fibres are bundles of microfibrils (elementary 
fibrils) where the cellulose molecules are stabilized laterally by hydrogen bond between hydroxyl 
groups. The microfibrils consist of monocrystalline cellulose domains linked by amorphous 
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domains. Normally special treatment, like chemical or ultra sonification treatments is needed to 
obtain nano-scale dispersed cellulose fiber [6]. 
      
Fig. 1. TEM image of PM5 (Nanocomposites with 5%wt MCC) 
In order to assess the diameter and dispersion of the MCC, the thin sections of the 
nanocomposites were examined by TEM. To obtain a true representation of the microstructure, at 
least ten positions were investigated for each film, and representative images were taken. Figure 1 
shows the typical TEM images of the nanocomposites with 5%wt MCC. Figure 1(left) shows the 
low magnitude image with a lot of fibers dispersed separately in the matrix. There were some 
bundles, but they were very loose, and matrix intercalated into them. Detail image can be found in 
Figure 1 (right), which shows that the diameter of the nano-fiber was around 10 nm. It can be 
concluded that the PVDF/MCC nanocomposites were fabricated here by the treatment of ultrasonic 
and strong magnetic stirring in the solvent of NMP. 
Crystal structures. Some research results show that the nanofillers, like Multi-Wall Carbon 
Nanotubes (MWCNTs), layered silicate, can act as nucleating agents during the crystallization 
process of semi-crystalline polymers. As a result, the rate of crystallization of the polymer increases, 
and in most cases the melting temperature also increase [7, 8]. The melting and crystallisation 
curves of PVDF and various nanocomposites are shown in Figure 2 and 3, respectively. DSC results 
of the pure PVDF and its nanocomposites are summarized in Table 2. It can be seen from Figure 3, 
pure PVDF exhibited a crystallisation exotherm, with peak crystallisation temperatures (Tc) at 
134.74°C. After the addition of MCC (5%wt), the peak crystallisation temperatures (Tc) shit to 
137.27°C. At the same time, the crystallisation enthalpy ∆Hc increased from 35.82 to 46.13(J/g). 
For the melting behaviour, it’s observed that the melting enthalpy ∆Hm increased, however, the 
melting temperature (Tm) decreased. All of those information shows that the addition of MCC can 
induce more crystal, while the perfection of the crystal decrease. With the addition of the 
compatibilizer (PVDF-g-MAH), peak crystallisation temperatures (Tc) increased further, while 
without further increase of the ∆Hc. At the same time, for the melting behavior, there was a decrease 
of the ∆Hm and a small variation of the melting temperature (Tm).  
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Fig. 2. Non-isothermal DSC scans of PVDF and its nanocomposites. Left is the first heating round, 
and right is the second heating round 
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Fig. 3. Crystallization DSC curves for PVDF and its nanocomposites 
Table 2 DSC parameters of PVDF and its nanocomposites 
 
Sample 
∆Hm [J/g] Tm [°C] ∆Hc [J/g] Tc [°C] 
1
st
 Heating 2
nd
 Heating 1
st
 Heating 2
nd
 Heating 
PVDF 
PM2 
PM5 
PM5A2 
PM5A5 
PM5A10 
25.06 
31.42 
29.73 
30.90 
32.38 
27.77 
23.79 
33.19 
36.20 
34.04 
33.71 
29.20 
167.47 
166.18 
166.69 
166.37 
166.77 
168.26 
167.79 
165.18 
164.85 
165.91 
166.94 
165.55 
35.82 
44.68 
46.13 
45.24 
40.48 
43.85 
134.74 
137.90 
137.27 
138.47 
139.02 
140.31 
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Fig. 4. ART-FTIR spectra of PVDF and its nanocomposites. 
    To verify the crystal structures of the nanocomposites, ATR-FTIR was conducted, and the result 
is shown in Figure 4.  The formation of β phase was confirmed by the absorption peaks in FTIR 
spectra. The α-phase PVDF bands at 974, 795,764 and 614 cm
-1
 can be clearly observed in pure 
PVDF as well as in all nanocomposites. β-phase PVDF bands are observed at 840cm
-1
 in the 
nanocomposites, indicating a change in the crystalline morphology [9].  A lot of research showed 
that the addition of the nano-fillers will induce the β-phase PVDF [8, 10-12]. It’s observed that 
there was a very tiny peak of β-phase for pure PVDF, but the α-phase is the dominated phase. With 
the addition of the MCC and PVDF-g-MAH, the β-phase increased. This may relate with the high 
surface energy of the nano-scale MCC, and the improvement of the interfacial interaction, which 
may affect the polymer conformation during crystallization, and finally affect the crystal structures. 
Mechanical properties. There are four main requirements for effective reinforcement. These are a 
large aspect ratio, good dispersion, alignment, and interfacial stress transfer [13-15]. Dispersion is a 
fundamental issue. Uniformly dispersed CNTs coated with polymer is imperative to achieve 
efficient load transfer to the nanotube network, which results in a more uniform stress distribution 
and minimizes the presence of stress-concentration centres. Probably the most important 
requirement for a nanotubes reinforced composite is that external stresses applied to the composite 
as a whole are efficiently transferred to the nanotubes, allowing them to take a disproportionate 
share of the load [1]. Here PVDF-g-MAH was added to promote matrix–filler compatibility. 
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    Tensile and creep tests were carried out in order to determine the mechanical properties of PVDF 
and its nanocomposites. Typical stress–strain curves at 5 mm/min for PVDF and its nanocomposites 
are shown in Figure 5, and the mechanical properties calculated from the stress-strain curves are 
shown in Table 3. The results showed that Young’s modulus didn’t change, while the tensile 
strength and elongation at break decreased with the addition of MCC. The reason for this is due to 
the poor interaction between the MCC and PVDF. It’s well-known that PVDF is a non-polar 
polymer, which is hydrophobic. Hence the compatibility between the PVDF and MCC would be 
poor. Even though the diameter of the MCC was decreased to nano-scale, there was no 
improvement in mechanical properties. However, with the addition of ADX, the Young’s modulus 
increased from 2.05 to 2.53 GPa (about 23.4%) and tensile strength from 46 to 51MPa. This is 
because the ADX (PVDF-g-MAH) has functional groups, which can form special interaction with 
the MCC, and then improve the interfacial interaction [5]. 
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Fig. 5. Typical stress-strain curves of PVDF and its nanocomposites 
 
Table 3. Mechanical Properties from Tensile Testing for PVDF and its Nanocomposites 
Sample Young’s modulus [GPa] Tensile strength [MPa] Elongation at break [%] 
PVDF 
PM2 
PM5 
PM5A2 
PM5A5 
PM5A10 
1.97(0.04) 
1.95(0.13) 
2.05(0.16) 
2.11(0.16) 
2.44(0.12) 
2.53(0.06) 
49.3 (0.5) 
48(0.5) 
46.0(0.4) 
47.0(0.4) 
50(1.0) 
51(0.8) 
254.3(121.2) 
27.0(8.5) 
16.4(5.6) 
20.0(2.4) 
14.0(2.7) 
16(5.0)  
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Fig. 6. Tensile creep strain vs. test duration-curves of PVDF and its nanocomposites under 20MPa 
 
Typical creep strain curves are shown in Figure 6. Normally, several regions can be found in the 
creep curve of PVDF with the application of load. The first one is the instantaneous increase in 
strain because of the elastic response of PVDF, and then followed by a viscoelastic response, where 
time dependent molecular rearrangement occurred. After longer time, for the end of the load 
application period, viscous flow of the polymer occurred [16]. Here, it’s observed that the addition 
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of the MCC increased the strain at the first stage, which means the MCC has side effect on the 
instantaneous strain. The reason is due to the poor interaction between MCC and PVDF, and the 
stress is very hard to transfer from PVDF to MCC. At the same time, the interface here now works 
like a drawback, so the increase of the creep strain was observed.  
Summary 
Poly(vinylidene fluoride)/Microcrystalline cellulose (MCC) nanocomposites were fabricated 
successfully by ultrasonic treatment and magnetic stir. DSC results showed that the peak 
crystallisation temperatures (Tc) and the ∆Hc increased with the addition of MCC. For the melting 
behaviour, ∆Hm increased, while melting temperature decreased. With the addition of the 
compatibilizer (PVDF-g-MAH), peak crystallisation temperatures increased further, while no 
further increase of the ∆Hc. ATR-FTIR results showed that the addition of MCC induced β-phase 
PVDF, and the addition of PVDF-g-MAH can induce more β-phase PVDF. Tensile test showed that 
even diameter of the MCC was decreased to nano-scale, no improvement of the mechanical 
properties was achieved because of the poor interface between PVDF and MCC.  
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Supplementary Information 
 
Figure 2.17 Tensile creep strain vs. test duration-curves of PVDF and its nanocomposites under 20MPa. 
 
Initially, during the creep test, the machine cannot control the loading stage precisely. Therefore, 
the creep strain presented in the publication “Key Engineering Materials Vols. 471-472 (2011) pp 
355-360” did not include the strain of the loading stage. However, later, the problem was overcome 
by using an advanced video extensometer to record the strain. Here, Figure 2.17 shows the complete 
creep behaviour including the loading stage. The conclusion generated about the changes of creep 
behaviour is still the same as those published in the paper.   
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2.3.4 PVDF/ halloysite nanotubes nanocomposites 
2.3.4.1 Introduction 
The aim of this section is to investigate the effects of halloysite nanotubes on the structures and 
properties of PVDF. According to the literature review in the previous chapter, the dispersion of 
nanofillers is an important factor in the final performance of nanocomposites. Their unique structure 
makes halloysite nanotubes readily dispersed in a polymer matrix, which makes possible high 
concentration nanofillers with good dispersion. Therefore, halloysite nanotubes were incorporated 
into PVDF to improve its properties. Results showed that the low aspect ratio is detrimental for the 
improvement of the properties of PVDF. However, the tensile fracture behaviours showed 
interesting changes. Therefore, the morphologies of tensile fractures were investigated. Results 
showed that a failure mode transition from micro-ductility/brittle to brittle/fibrillation occurred with 
the halloysite nanotubes concentration increasing. Section 2.3.4 is included as it appears in the 
online version to the journal “Journal of Applied Polymer Science”. 
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gated. Results showed that at low concentration, the effect of HNTs on the modulus was minor. However, at high concentration,
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INTRODUCTION
Polymer matrices reinforced by nanofillers have attracted con-
siderable attention in recent years due to their higher mechani-
cal, thermal, and physical properties. Different types of nanofil-
lers, like clay, carbon nanotubes etc. have been used.1–10
Comparing with other nanosized inorganic fillers, naturally
occurring halloysite nanotubes (HNTs) are readily available and
much cheaper. More importantly, the unique crystal structure
of HNTs, such as rod-like geometry and low hydroxyl density
on the surface, makes them readily dispersed in a polymer ma-
trix.11 This makes high concentration of nanofillers with good
dispersion possible and offers great opportunities for fabricating
polymer nanocomposites with promising performance.
Ye et al.12 prepared epoxy-based nanocomposites with natural
nanotubes from halloysite. Results showed the HNTs were geo-
metrically similar to multiwalled carbon nanotubes, and the
blending of epoxy with 2.3 wt % HNTs increased the impact
strength by four times without scarifying flexural modulus,
strength, and thermal stability. Liu et al.11 formed organic–inor-
ganic hybrids with epoxy/cyanate ester resin and HNTs. The dis-
persion of HNTs in the resin matrix was very uniform. Results
showed that the moduli of the hybrids in the glassy state and
rubbery state were significantly higher than those for the plain
cured resin. For instance, the glassy and rubbery moduli of the
hybrid with 12 wt % HNTs were 58.6 and 121.7% higher than
those of the neat epoxy resin, respectively. Ning et al.13 prepared
polypropylene (PP)/halloysite composites by melt mixing using
a twin-screw extruder. Results revealed that HNTs were well-dis-
persed in PP matrix and had a good interfacial interaction with
PP. However, not much enhancement in mechanical properties
of PP/HNT composites had been achieved, which was ascribed
to the constant crystallinity and spherulite size of PP as well as
the small length/diameter ratio of HNTs. Liu et al.14 used 2,5-
bis(2-benzoxazolyl) thiophene (BBT) as the interfacial modifier
for PP/HNTs composites. The electron transfer between HNTs
and BBT was confirmed. Formation of fibrils of BBT in the
presence of HNTs was found in the nanocomposites, which led
to much higher crystallinity compared with previously reported
PP nanocomposites. The nanocomposites showed substantially
increased tensile and flexural properties. For example, the tensile
strength increased from 33.2 to 38.8 MPa, flexural strength
from 41.8 to 61.4 MPa, and flexural modulus from 1.24 GPa to
2.83 GPa. Pasbakhsh et al.15 investigated the influence of maleic
anhydride-grafted ethylene propylene diene monomer (MAH-g-
EPDM) on the properties of EPDM nanocomposites reinforced
by HNTs. Results showed that hydrogen bonding occurred
between MAH-g-EPDM and HNTs. Morphological observations
revealed the formation of two different phases of EPDM-rich
and HNT rich areas. Tensile strength was increased from 1.32
MPa to about 12 MPa.
Poly(vinylidene fluoride) (PVDF) is an important engineering
plastic with applications in such diverse fields as paint for sky-
scrapers, transducers for sensitive scientific instruments, and
VC 2012 Wiley Periodicals, Inc.
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pipes for caustic chemical products.16,17 Our previous research
showed that PVDF has high potential application in the ther-
moset composite welding (TCW) technology. The world-class
international patented technology showed its advantage for cost
saving in the joining and repairing of composite materials and
represents the "Next-Generation" assembly technology for aero-
space composite structures.18 The incorporation of HNTs into
PVDF has the potential to improve the performance for PVDF
and therefore benefit TCW technology. However, as far as we
know, to date there are no reports of work on PVDF/HNTs
nanocomposites.
In this research, PVDF/HNTs nanocomposites with different
concentration of HNTs were fabricated. Systematic studies about
the effect of the HNTs on the morphological structures, crystal-
line structures, rheological properties, mechanical properties
were investigated. The tensile fracture behavior was also
investigated.
EXPERIMENTS
Materials
PVDF (Kynar 741, powder) was kindly supplied free-of-charge
by Arkema (Australia, New Zealand). The HNTs (HNTs) were
kindly supplied free-of-charge by Imerys Tableware New Zea-
land (Ultrafine, Castle Hill, New South Wales, Australia). Ana-
lytical grade N-methyl-2-pyrrolidone (NMP) purchased from
Aldrich was used as solvent. All chemicals were used as
received.
Preparation of the Nanocomposites
The procedure for the fabrication of nanocomposites was as fol-
lows: (1) HNTs were dispersed in solvent NMP with strong me-
chanical stirring and ultrasonic treatment (60 kHz, 1.5 h). At
the same time, the polymer, PVDF, was dissolved in NMP to
form PVDF solution (the ratio of PVDF and solvent was 1 : 5
by weight); (2) The HNTs dispersion and the PVDF solution
were mixed together again with strong magnetic stirring and ul-
trasonic treatment (1.5 h); (3) The mixed solution was poured
onto a glass plate and then compressed with another glass plate;
(4) the glass plates were placed into deionized water (the anti-
solvent to NMP), which caused the film to solidify in 3–5 min.
The wet films were then dried in a vacuum oven for 72 h at
80C to remove any remnant of the solvent. The dried nano-
composites films were then compression molded using a
matched metal die in a hot press at 200C and 5.0 MPa pres-
sure. The compression molded nanocomposites sheets were
used for testing and subsequently characterization.
As summarized in Table I, various blend formulations were
prepared.
Characterization
Transmission electron microscopy (TEM) images of the pre-
pared nanocomposites were obtained using a JEOL 1010A high-
resolution transmission electron microscope operated at 100 kV.
A Reichert-Jung Ultracut-E microtome was used to cut thin sec-
tions out of nanocomposites sheets with thickness of 50–70 nm
for TEM characterization.
Scanning electron microscopy (SEM) was performed on a JEOL
JSM-6300F scanning electron microscope at a voltage of 6 kV.
Samples were sputter-coated with a 10 nm-thick layer of
platinum before imaging.
DSC tests were conducted by means of a TA Q20 differential
scanning calorimeter. In the tests, samples of about 5 mg were
heated to 200C at a rate of 10C/min under a nitrogen atmos-
phere and held at 200C for 5 min to eliminate the thermal
Table I. Samples Codification
Sample Composition
PVDF PVDF (100 phr)
PH2 PVDF (100 phr) þ HNTs (2 phr)
PH5 PVDF (100 phr) þ HNTs (5 phr)
PH10 PVDF (100 phr) þ HNTs (10 phr)
PH20 PVDF (100 phr) þ HNTs (20 phr)
Figure 1. TEM image of PVDF/HNTs nanocomposits: (a) single HNT, (b) PH20.
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history. Afterward, the samples were cooled to 20C at a rate of
20C/min, held at 20C for about 3 min, and then heated again
to 200C at a heating rate of 10C/min. The temperature and
heat flow scales were calibrated using the melting of high-purity
indium and zinc samples before testing.
ATR FTIR spectrum was obtained using a Nicolet 5700 ART
spectrometer with an average of 200 scans in the range 400–
2000 cm1 to obtain crystal structural for the nanocomposites.
Rheological measurements were performed using a TA AR2000
EX stress-controlled rheometer in parallel plate geometry at
200C. The testing samples in the form of disk with a thickness
of 1.5 mm and a diameter of 25 mm were prepared by com-
pression molding at 200C. Small-amplitude oscillatory shear
measurements were conducted within a frequency range from
0.01 to 100 Hz. A sinusoidal strain of the form
cðtÞ ¼ c0 sinðxtÞ
where c0 is strain amplitude, x is oscillatory frequency, and t is
time was imposed on the testing samples. The viscoelastic pa-
rameters, storage modulus G0, and loss modulus G00 of the sam-
ples were recorded. All the tests were performed under nitrogen
environment to minimize oxidative degradation.
The dynamic mechanical analysis (DMA) (tension deformation)
was carried out using a TA Instruments Q800 DMA. All the
samples (30  4 mm2) were measured over a temperature range
of 100C to 150C at a heating rate of 3C/min and a fre-
quency of 1 Hz. To guarantee the reliability of the connected
data, the test machine was calibrated according to the recom-
mended standard before the test, and then three PVDF samples
were tested, and results showed pretty good repeatability.
The mechanical properties of all materials were measured by an
Instron 5584 universal testing machine with a 100 N load cell at
a crosshead velocity of 5 mm/min until failure. Dumbbells were
punched out of the nanocomposites sheets according to ASTM
D-638 (the width is about 2.5 mm, video gauge is about 10
mm, and thickness is about 0.5 mm), and tests were carried out
at 23C. The tensile strength used is the tensile strength at yield,
and the calculation of the Young’s modulus is according to the
standard using the almost linear initial part of the curve.
RESULTS AND DISCUSSION
Morphology of the Nanocomposites
Representative images of nanocomposites are shown in Figure
1. It was observed that the diameter for HNTs was around 50–
100 nm, and the length was around 100–600 nm, which made
the aspect ratio quite small for HNTs used in this work. How-
ever, it was observed that the HNTs were almost homogeneously
dispersed in the PVDF matrix, even at the high concentration
of 20 phr. Several factors are believed to contribute to the fine
dispersion of HNTs in the PVDF matrix: First, it is known that
the solution blending method is an easy way to achieve fine dis-
persion, especially with ultrasonic treatment and magnetic stir-
ring. Second, the unique rod-like crystal structure of HNTs, and
the low hydroxyl density on the surface, makes them readily
Figure 2. Nonisothermal DSC scans of PVDF and its nanocomposites. (a) first heating round, (b) second heating round. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
Figure 3. Crystallization DSC curves for PVDF and its nanocomposites.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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dispersible in a hydrophobic polymer matrix. Especially here,
the hydroxyl group on the surface of HNTs may interact with
the polar solvent, NMP, which will help the dispersion of the
HNTs in the solvent, and hence the formation of a stable sus-
pension. Third, the fast phase separation method used in this
research can avoid the drawback of the traditional solvent cast-
ing method, which needs much longer times to evaporate the
solvent and may result in reagglomeration during evaporation.
Crystallization Behavior and Crystal Structure
Typical DSC heating and cooling curves are plotted in Figures 2
and 3, and the corresponding data are summarized in Table II,
in which the enthalpy has been normalized according to the net
weight of PVDF matrix in the nanocomposites. With the addi-
tion of 2 phr HNTs, the crystallization temperature (Tc)
increased significantly. The increase of the crystallization tem-
perature is due to the nucleating effect of HNTs during the
crystallization process. However, crystallization enthalpy (DHc)
decreased significantly. With the HNTs concentration increasing
further, the Tc decreased further, and a minor variance of DHc
occurred. Another interesting phenomenon is that an obvious
low temperature shoulder on the crystallization peak occurred
for sample PH10, the position of which is close to the crystalli-
zation temperature for pure PVDF. At the same time, it was
observed that an obvious low temperature shoulder was present
on the first melting curve for the pure PVDF and for all of the
nanocomposites. However, it was much less prominent in the
second melting curve, which showed that this peak is associated
with the heating history. It is interesting that the intensity of
the lower melting peak increased with the addition of HNTs,
and at the highest amount (20 phr), the lower one and the
higher one merged together and formed a single peak. The
DHm and equilibrium melting temperature (Tm) showed a
minor variance with the addition of HNTs.
To verify the crystal structures of PVDF and its nanocomposites,
ATR-FTIR was conducted, and the result is shown in Figure 4.
The a-phase PVDF bands at 974, 795, and 764 cm1 can be
clearly observed in pure PVDF. There was a small peak peat at
840 cm1 for pure PVDF, which is common for both c- and b-
phases; however, it is obvious that the a-phase is the dominated
phase. With the addition of HNTs, the intensity of the peat at
about 840 cm1 increased with a decrease of the peaks for the
a-phases, indicating a change in the crystalline morphology.17
At the same time, a shoulder peak at 812 cm1, which is spe-
cific to c-phase,19 can be observed for the nanocomposites
except for PH20.Thus, in this research, the addition of HNTs
was seen to promote the crystallization of the c-phase. The c-
phase increased with increasing HNTs amount, but reached a
maximum at the HNTs concentration of 10 phr, and then
sharply decreased so that the c-phase almost disappeared at the
HNTs concentration of 20 phr.
Dynamic Oscillatory Response
Figure 5 shows the storage modulus and loss modulus of PVDF
and its nanocomposites with the introduction of HNTs. Many
reports of polymer nanocomposites show that a strong enhance-
ment in the elasticity (plateau modulus) occurs with the intro-
duction of nanofillers. As indicated in Figure 5, the qualitative
features (shapes) of the viscoelastic behavior were not affected
by the introduction of the HNTs, even at the HNTs concentra-
tion of 20 phr. However, at a quantitative level, the introduction
of HNTs resulted in an increase in the magnitudes of the stor-
age modulus and loss modulus, especially for the sample PH20
where a significant increase occurred.
Pryamitsyn and Ganesan20 studied the mechanisms governing
the linear viscoelasticity behavior of nanocomposites of spheri-
cal nanofillers dispersed in polymer melts by computer simula-
tion and several mechanisms have been put forward to explain
the enhancement of the elasticity: one is that the particles
Table II. DSC Parameters of PVDF and Its Nanocomposites (Normalized)
Sample
DHm(J/g) Tm(C)
DHc
(J/g) Tc (C)
First
heating
Second
heating
First
heating
Second
heating
PVDF 42.20 44.87 167.29 165.71 47.71 135.47
PH2 39.93 40.16 168.68 170.66 36.99 146.67
PH5 40.96 42.66 168.09 170.34 35.89 146.35
PH10 42.57 44.69 172.06 169.71 38.75 142.56
PH20 44.11 46.79 169.62 170.25 38.29 142.08
Figure 4. ART-FTIR spectra of PVDF and its CNTs nanocomposites.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
ARTICLE
4 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38249 WILEYONLINELIBRARY.COM/APP
induce effects on the dynamics of polymer segments that mod-
ify the relaxation spectrum of the polymers; another is that par-
ticle jamming effects lead to slow relaxations and substantial
enhancements in elasticity; and the third is that the strain field
distortion caused by the presence of rigid inclusions affects the
overall modulus of the composite. From the TEM in Figure 1,
it was observed that the aspect ratio of the HNTs used here was
small, and the particle jamming effects would be expected to be
weak. Therefore even at a concentration of 20 phr, no obvious
solid-like behavior at low frequency regimes occurred. The
nanofillers were seen to induce effects on the dynamics of poly-
mer segments and modify the relaxation spectrum of the poly-
mers. The restricted molecular mobility due to hydrodynamic
effects of the nanofillers could be followed by the crossover
point characteristic at which the values of G0 and G00 are equal.
The shift in crossover frequency represents the changes in mo-
lecular mobility and relaxation behavior.21 Table III shows the
crossover frequency and the crossover modulus. It was observed
that with the introduction of HNTs, the crossover frequency
decreased.
Dynamic Mechanical Behavior
Figure 6 shows the DMA results of PVDF and its nanocompo-
sites. It was observed that at low concentration (2, 5 phr) the
addition of HNTs did not affect the storage modulus signifi-
cantly. However, when the concentration increased to 10 and 20
phr, a significant increase in the storage modulus occurred,
which showed the reinforcement effect of the HNTs. The tan d
curves of PVDF and its nanocomposites showed a broad peak
near 30C, which corresponds to the Tg of PVDF. No signifi-
cant variation in the Tg was observed with the addition of
HNTs, even for the sample at the highest concentration of 20
phr, indicating no significant variation in the mobility of PVDF
molecule chains. However, the other relaxation peaks were
affected significantly by the addition of HNTs. The relaxation
peak at about 25C for PVDF, which should belong to the a2
transition related to the amorphous region at the surfaces of
crystals,22,23 increased with 2 phr HNTs content and then
droped with increasing HNT content. The relaxation peak (a1)
at about 90C, which is assigned to the liberation of PVDF
chains in the crystalline regions,24 shifted to a lower tempera-
ture (about 70C) with the addition of HNTs and almost disap-
peared at the highest concentration of HNTs (20 phr). This is
due to the addition of HNTs affected the crystalline structures,
which showed significant changes tested by DSC with the intro-
duction of HNTs.
Tensile Behavior
To determine the mechanical properties of PVDF and its nano-
composites, tensile measurements were carried out. Typical
stress–strain curves at 5 mm/min for PVDF and its nanocompo-
sites are shown in Figure 7, and the mechanical properties cal-
culated from the stress–strain curves are shown in Table IV.
It was observed that the Young’s modulus increased with the
addition of HNTs. At the highest concentration (20 phr) about
56% improvement occurred. For the tensile strength, a minor
decrease was observed with the increasing HNTs concentration.
The decrease in the tensile strength can be regarded as the result
of the weak interfacial adhesion between PVDF matrix and HNTs
nanofiller, which would make the debonding and slippage
between the matrix and nanofillers easy. Neat PVDF exhibits dis-
tinct regions such as yielding and plastic deformation. After
yielding, further tensile deformation resulted in specimen
Figure 5. Log–log plots of dynamic moduli versus frequency for PVDF and its nanocomposites: storage modulus (a) and loss modulus (b). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Table III. The Crossover Frequency and Crossover Modulus for PVDF
and Its Nanocomposites
Sample
Crossover
frequency (Hz)
Crossover
modulus (Pa)
PVDF 0.33 2.71  104
PH2 0.26 2.62  104
PH5 0.26 2.58  104
PH10 0.21 2.71  104
PH20 0.16 3.06  104
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necking and cold drawing. The neck propagated along the gauge
length exhibiting cold drawing until the specimen failed. With
the addition of HNTs, at low concentration (2 phr, 5 phr), similar
stress–strain curves were observed. For sample PH10, much less
cold drawing was observed. However, when the concentration of
HNTs reached 20 phr, just yielding and the start of necking was
observed, the stress–strain plots did not exhibit cold drawing. It
was obvious that there was a transition in the failure behavior
with the HNTs concentration increasing. To study the mechanism
for the transition, the fracture morphology was investigated.
Fracture Morphology
Neat PVDF. Figure 8 shows the tensile-fractured surface mor-
phologies of virgin PVDF at different magnifications. Macro-
scopically, the fractured surface can be classified as two parts,
one was the microductility at the edges and the other was the
brittle mode of fracture in the center. At higher magnification,
one can observed that the brittle part presented large flat area
with zig-zag steps [Figure 8(c)], which is due to the crack prop-
agating on slightly different planes and these planes have to link
up at some points and it leaves a step on the surface.25 In the
microductility region, sample presented large plastic deforma-
tion feature [Figure 8(d)]. It can be deduced that the fracture
starts near the core of the sample and propagates outwards
breaking through the ductile surface. Similar results have been
reported by Misra and coworkers26–28 and Shi et al.29 The ex-
planation for the microductility fracture at the edges is that a
transition to plane stress occurred with the propagation of the
fracture from the core to the edges.
PH10
Figure 9 shows the tensile-fractured surface morphologies of
PVDF nanocomposites with 10 phr HNTs at different magnifi-
cations. Macroscopically, the fractured surface was similar to the
virgin PVDF, again showing, microductility at the edges and the
brittle mode of fracture in the center. However, at higher mag-
nification, differences can be observed. For virgin PVDF, the
brittle area presented flat with zig-zag steps morphology. For
PH10, large amount of voids appeared. For virgin PVDF, the
microductility region showed smooth surface, whereas PH10
presented pretty rough surface. This is due the changes of the
distribution of local stress by the appearance of HNTs.
Figure 6. DMA test for PVDF and its nanocomposites. (a) storage modulus, (b) tan d. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
Figure 7. Typical stress–strain curves of PVDF and its nanocomposites.
Table IV. Mechanical Properties from Tensile Testing for PVDF and Its
Nanocompositesa
Sample
Young’s
modulus (GPa)
Tensile
strength (MPa)
Elongation
at break (%)
PVDF 1.97 (0.05) 50.0 (0.3) 254 (121)
PH2 2.18 (0.09) 48.0 (0.4) 239 (64)
PH5 2.40 (0.28) 48.0 (0.5) 213 (28)
PH10 2.37 (0.11) 45.8 (1.0) 102 (26)
PH20 3.08 (0.16) 45.7 (0.5) 10 (3)
aThe data are mean value followed (in parentheses) by the standard
deviation.
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Figure 8. SEM micrograph of the fracture of neat PVDF: (a) low magnification; (b) high magnification; (c) brittle; (d) microductility.
Figure 9. SEM micrograph of the fracture of neat PH10: (a) low magnification; (b) high magnification; (c) brittle; (d) microductility.
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PH20. Figures 10 and 11 show the tensile-fractured surface
morphologies of PVDF nanocomposites with 20 phr HNTs. It
was interesting to observe that the morphologies of nanocom-
posites changed greatly. The fracture surface can be classified as
two parts, one was the fibrillation zone (corresponding to the
severely deformed fibrils of the matrix) in the center and the
other was the brittle zone at the edges. It can be deduced that
the fracture starts near the edges of the sample and propagates
inwards. At the same time, the brittle region at the edges and
the region close to the fibrillation area were different. For the
brittle region at the edges, almost no plastic deformation can be
observed. However, brittle region close to the fibrillation zone,
some extent plastic deformation can be observed. It can be con-
cluded that when the addition of HNTs is 20 phr, a fracture
mode transition from microductility/brittle to brittle/fibrillation
occurred. This variation is mainly ascribed to the addition of
HNTs, which most likely changes the stress distribution state in
the matrix and induces fibrillation/yielding process before
crazing.
It is well-known that specimen usually faces complex stress state
during the tensile process. Away from the neck zone, tensile
stress exhibits the determining role for the deformation of
Figure 10. SEM micrograph of the fracture of neat PH20: (a) low magnification; (b) high magnification in the fibrillation area.
Figure 11. SEM micrograph of the fracture of neat PH20 with high magnification from different area: (a) brittle in Figure 10a; (b) brittle in Figure 10b;
(c) fibrillation in Figure10(b).
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specimen. However in the neck zone, the specimen faces so
called triaxial stress including tensile stress, shear stress, and the
hydrostatic stress.29 Generally, the addition of inorganic in poly-
mer would cause two effects: (1) the addition of inorganic par-
ticles in the polymer will make the polymer in the vicinity of
inorganic particles mechanically restrained30–35; (2) The inor-
ganic particles can act as stress concentrators in the polymer
matrix and change the stress distribution under an external
load.36,37 Especially during triaxial stress, severe concentration
of stress would occur and resulted in restrain strain. In all, the
restrained strain would occur with the initiation of the defor-
mation, especially during the triaxial stress stages.
In this research, at low concentration of HNTs, the large matrix
ligament thickness can successfully prevent microvoids from
developing into premature cracks before the complete yielding
of the matrix, so almost no decrease of the elongation at the
break was observed. The restrain strain can be released easily.
When the concentration of HNTs was 10 phr, the appearance of
the HNTs changed the local stress distribution obviously. How-
ever, the matrix ligament thickness still can guarantee the sam-
ple pass the necking stage, after that, the triaxial stress experi-
enced by sample was released, and the restrain strain can be
released too. Therefore, relative good elongation at break was
kept for sample PH10. The matrix ligament thickness was so
thin when the concentration reached 20 phr, and it cannot
guarantee the sample pass the necking stage, so failure hap-
pened. With the fracture started near the edges of the sample
and propagated inwards, the restrained strain was released, and
plastic deformed fibril was observed in the core of the sample.
CONCLUSION
PVDF HNTs nanocomposites were prepared. TEM image
showed that the HNTs were almost homogeneously dispersed in
PVDF matrix, even at the high concentration of 20 phr. Results
showed that the addition of HNTs changed the crystalline struc-
tures. For the rheological properties, the qualitative features
(shapes) of the viscoelastic behavior were not affected by the
introduction of the HNTs, even at the HNTs concentration of
20 phr. However, at a quantitative level, the introduction of
HNTs resulted in an increase in the magnitudes of the storage
modulus, loss modulus, especially for the sample PH20, a signif-
icant increase occurred. The addition of HNTs showed minor
effect on the mechanical modulus and fracture behavior at low
concentration. However, with the concentration increasing, the
mechanical modulus was increased with dramatic decrease of
the elongation at break. A fracture mode change from micro-
ductility/brittle to brittle/fibrillation occurred when the concen-
tration of HNTs reached 20 phr. This was due to the changing
of the stress distribution with the introduction of HNTs.
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2.3.5 PVDF with 3D network formed by layered silicates and carbon nanotubes 
2.3.5.1 Introduction 
The aim of this chapter is to investigate the effect of a 3D nanofiller network structure formed by 
carbon nanotubes and layered silicates on the structures and properties of PVDF. According to the 
literature review in the previous chapter, synergistic effects may occur for the combination of two 
types of nanofillers together. Therefore, a 3D nanofiller network was formed with carbon nanotubes 
and layered silicates, and its effect on the structures and properties was investigated. This work 
includes two parts: one is the formation of the 3D nanofiller network, which is included as it 
appears in Advanced Materials Research, 2011, 328-330, 1232-1238. The other is about the effect 
of this network’s structure on the structures and properties of PVDF, which is included in the 
following supplement. The results showed that the 3D nanofiller networks indeed formed. However, 
it did not result in the improvement of mechanical properties, but a deterioration of the mechanical 
properties was observed with the formation of the networks.  
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Abstract. A nano-filler network constructed by layered silicates and multi-wall carbon nanotubes 
(MWCNTs) has been prepared. The structure of the network was confirmed by attenuated total 
reflectance Fourier transform infrared spectroscopy (ATR-FTIR), transmission electron microscopy 
(TEM), and dynamic rheological test. The results showed that a plateau in the storage modulus at 
low frequency occurred, which indicated the pseudo solid-like behaviour for the sample with nano-
filler network, and the jamming effect due to the nano-filler network dominated the viscoelatic 
behaviour at low frequency. This effect was sensitive to the frequency and decreased quickly with 
the increase of frequency. At the same time, the introduction of nanofillers and the presence of 
nano-filler network affected the complex viscosity and shear thinning too, especially at low 
frequency. 
Introduction 
Filled polymers exhibit a diverse range of rheological properties, varying from simple viscous fluids 
to highly elastic solids with increasing filler volume fraction, φ [1]. Recently, much interest has 
focused on the development of polymer nanocomposites based on highly anisotropic inorganic 
nanoparticles such as layered silicates and MWCNTs due to their potential to remarkably enhance 
the properties of polymers [2-10]. Reduction of the filler size down to nano-scale can lead to 
substantial differences in the rheological characteristics and dynamics of filled polymer liquids 
compared with complex fluids reinforced with micron sized particles [2-4]. Generally, polymer 
nanocomposites exhibit a stronger enhancement in the viscoelastic properties compared with 
microcomposites at similar filler volume fraction [2]. Especially, a non-terminal behaviour, which 
shows a low frequency plateau in the storage modulus, can be observed. Several explanations, 
including polymer bridge formation [5], confinement enhanced entanglements [6, 7], trapped 
entanglements [8], polymer-mediated transient network [9], particle phase separation leading to 
gelation [10], have been put forward to illustrate such a behaviour. Though controversies about the 
exact mechanism still exist, agreement has been achieved that the effect of network structure will 
become more and more significant with the increase of filler volume fraction [2, 11-19].  Recently a 
research from Kumar et al. [20]  showed that a composite with percolating sheets of particles 
displays “gel-like” or solid-like mechanical behaviour at lower particle loadings than the one with 
uniform particle dispersion, which means that the spatial organization of the naon-filler is an 
important factor for the enhancement of the elasticity.  
    In this research, two different kinds of nanofillers: layered silicates (layered structure) and 
MWCNTs (fibrous structure) have been used to construct a nano-filler network. To ensure that the 
network is not formed by physical contact of the layered silicates, a shear force to induce the 
alignment of layered silicates was applied. To avoid strong interaction between polymer chains and 
nano-fillers, a non-polar polymer, polyvinylidene fluoride (PVDF) was chosen as the matrix.  
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Experimental section 
Materials 
    PVDF (Kynar 741, powder) was kindly supplied free-of-charge by Arkema (Australia, New 
Zealand). The organically modified montmorillonite nanoclays (OMLSs, Cloisite 30B) were 
obtained from Southern Clay Products, Inc, which is a bis(hydroxyethyl)methyl tallow ammonium 
exchanged montmorillonite with hydroxyl groups. The MWCNTs with diameter of 10-30 nm 
(mainly around 20 nm) was purchased from Tsinghua University, China. Analytical grade N-
methyl-2-pyrrolidone (NMP) purchased from Aldrich was used as solvent. The concentrated 
sulfuric acid (H2SO4, 98%) and nitric acid (HNO3, 68%) were purchased from the Sigma Aldrich 
Co., and were used as-received without further purification. 
Functionalization of MWCNTs with carboxylic acid groups 
    Many studies showed that MWCNTs with carboxylic acid groups can be obtained by treatment 
using the mixture of concentrated H2SO4 and HNO3 [21-24]. The pristine MWCNTs were 
immersed and refluxed in the mixture of concentrated H2SO4 and HNO3 with a volumetric ratio of 
3:1 at 120~150 °C for about half an hour to guarantee that the carboxylic acid groups were 
generated on the MWCNTs surface successfully. The samples were then extracted several times by 
filtration, until the solution reached a pH value of 7. 
Preparation of the nanocomposites with nano-filler network 
    For preparation of nanocomposites with a nano-filler network, the following procedure was 
designed and followed. 1) Firstly, the OMLSs were added to NMP solvent with ultrasonic treatment 
(60 kHz, 1.5 h) and strong magnetic stirring; then, MWCNTs with carboxylic acid groups were 
added by three steps (one third of the whole volume every time) with the ultrasonic treatment and 
strong magnetic stirring. To guarantee enough time for the interaction between layered clays and 
MWCNTs, 30 min was taken for each step. At the same time, PVDF was dissolved in NMP (the 
ratio of PVDF and solvent is 1:5 by weight). 2) The prepared nano-filler suspension was mixed with 
PVDF solution with strong magnetic stirring and ultrasonic treatment. 3) The solution was poured 
onto a glass slide, and compressed it with another glass slide; 4) The glass slide was immersed into 
deionized water (the antisolvent of NMP), and subsequently the film solidified within 3-5 minutes. 
The wet films were then dried in a vacuum oven for 72h at 80 °C. To ensure that the network is not 
formed by physical contact between the layered silicates, a shear force to induce the alignment of 
layered silicates was applied before compression moulding. Table 1 summarised the various 
formulations used in current study. 
Table 1 Samples codification 
Sample Composition 
PVDF 
PL5 
PC5 
PL5C1 
      PL5C2  
PL5C5 
PVDF (100% wt) 
PVDF (100%wt) +OMLSs (5%wt) 
PVDF (100%wt) +MWCNTs (5%wt) 
PVDF (100%wt) + OMLSs (5%wt) + MWCNTs (1%wt) 
PVDF (100%wt) + OMLSs (5%wt) + MWCNTs (2%wt) 
PVDF (100%wt) + OMLSs (5%wt) + MWCNTs (5%wt) 
Characterisation 
    ATR FT-IR spectrum was obtained using a Nicolet 5700 ART spectrometer with an average of 
200 scans in the range 400-4000 cm
-1
 in order to obtain information about the chemical reactions 
for the nanocomposites. 
    Transmission electron microscopy (TEM) images of the prepared nanocomposites were 
obtained by using a JEOL 2010 high-resolution transmission electron microscope operated at      
120 kV. A Reichert-Jung Ultracut-E microtome was utilized to cut thin sections out of 
nanocomposites sheets with thickness of 50–70 nm for TEM characterisation. 
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    Dynamic rheological measurements were performed using a TA AR2000 EX stress-controlled 
rheometer in parallel plate geometry at 210 °C. Testing samples in the form of disks with a 
thickness of 1.5 mm and a diameter of 25 mm used were prepared by compression moulding at   
200 °C. All the tests were performed under nitrogen environment to minimize oxidative 
degradation.  
Results and discussion 
ATR FT-IR 
Figure 1 shows the ATR-FTIR spectra of the nanocomposites. It showed that there was a broad 
absorption band around 3400cm
-1
 for PL5, which originates from the stretching vibration of -OH 
group [25] and belongs to the OMLSs. The intensity of this band decreased with the addition of 
MWCNTs with attached carboxylic acid groups, which indicates that part of -OH groups of OMLSs 
participated in the reaction with functional MWCNTs [26]. At the same time, the absorption band 
around 1275 cm
-1
, which belongs to the stretching vibration of C-O, and absorption band around 
1720 cm
-1
, which belongs to the stretching vibration of C=O, increased with the addition of 
functional MWCNTs. All of those information indicated that esterification reactions between 
OMLSs and functional MWCNTs occurred [27].  
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Fig. 1 ATR-FTIR spectra of the nanocomposites. 
Morphology of the nanocomposites 
    To obtain the whole image and local image of the nanocomposites, at least ten different positions 
with various magnitudes were observed. Representative images of nanocomposites are shown in 
Figure 2. It can be seen that the clay layers were well separated from one another and dispersed 
quasi-homogenously in the continuous matrix for PL5. Figure 2 (a and b) also showed that the 
layered silicates have some degree of alignment. The orientation of layered silicates was thought to 
be caused by the shear force applied before the compression to avoid the network formed by the 
physical contact of layered silicates themselves. For PL5C5 (Figure 2c and 2d), it was observed that 
the closest distance between filler particles was on the order of 10 nm. The distance was just 
coincident with the diameter of the multi-wall MWCNTs used in this research. Combined with the 
ATR-FTIR spectra, it can be safely concluded that MWCNTs were attached on the surface of 
layered silicates due to the chemical reaction between hydroxyl groups and carboxylic acid groups. 
At the same time, it was observed that several clay layers formed a nano-filler network, as showed 
in Figure 2d. All the information confirmed that the nano-filler network of layered silicates 
connected by functional MWCNTs through covalence was constructed. 
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 Fig. 2 TEM images of PL5 (a and b) and PL5C5 (c and d) nanocomposites with different magnitude. 
Rheological behaviour 
Figure 3 shows the storage modulus (G') and loss modulus (G'') of PVDF and its nanocomposites. It 
can be seen that the storage modulus and loss modulus showed an increase with the introduction of 
the OMLSs and MWCNTs at all frequency. At low frequency, PVDF chains were fully relaxed and 
exhibited typical terminal behaviour with the scaling properties [28, 29]. For PL5 and PC5, obvious 
terminal behaviour can still be observed, which means no significant network effect occurred. The 
reason for PL5 is that the percolation network cannot be formed due to the alignment of layered 
silicates induced by the shear force applied before compression molding. For PC5, it is because the 
aspect ratio of the MWCNTs after the chemical treatment is too small, the length of the MWCNTs 
is about 300~400 nm, which is very hard to form percolation network structure. With the formation 
of the network constructed by layered silicates and MWCNTs, an obvious non-terminal behaviour 
happened, as shown by the curve of PL5C5 in Figure 3, which is an indication of solid-like, elastic 
response, and is also typical of physical gelation as described in literatures [12]. The introduction of 
OMLSs (5%wt), and MWCNTs (5%wt) separately just resulted in several times increase of the 
storage modulus at low frequency. However, with the formation of the network, almost two orders 
of magnitude increase has been achieved. Such a huge increase should be ascribed to the formation 
of network structure, which dominated the enhancement of the elasticity at low frequency. At the 
same time, this enhancing effect from the network was sensitive to the frequency, which decreased 
with the increase of frequency. At high frequency, the enhancement from the network became very 
weak. For polymer melt during oscillatory, the low frequency responses (or long time response) are 
always viscous, so the presence of the nano-filler network strongly restrict the movement of chain 
segments for the polymer matrix, and this restriction dominated the viscoelastic response. However, 
at high frequency the responses are glassy (which is typically seen at temperatures around glass 
transition), so the effect of the nano-filler network on the movement of chain segments of the 
polymer matrix is weak, and instead the polymer matrix dominated the viscoelastic response.    
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Fig. 3 Log–log plots of dynamic moduli vs. frequency for PVDF and its nanocomposites: (left) storage modulus 
and (right) loss modulus. 
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Figure 4 (left) presents the variation of tan δ (tan δ=G′′/ G′) for pure PVDF and its 
nanocomposites with respect to the oscillatory frequency. It can be observed that the tan δ lowered 
down with the introduction of OMLSs and MWCNTs (PC5 and PL5) respectively. However, with 
the presence of the nano-filler network constructed by layered silicates and MWCNTs, the tan δ 
curves almost flattened. For the sample PL5C2, tan δ was independent of frequency, corresponding 
to a gel behaviour. In the pregel regime (such as PC5, PL5 and PL5C1), tan δ decreases with 
increasing frequency, as typical for a viscoelastic liquid. In the postgel regime (PL5C5), a moderate 
increase of tan δ appears with increasing frequency, indicating a dominating elastic response of the 
sample [30-32]. It can be seen that at low frequency the tan δ of all the nanocomposites was 
decreased compared with neat PVDF; especially for PL5C5, the tan δ value was only around 0.25. 
To assess the interaction between dispersed fillers, Song et al. [33] believed that if tan δ is higher 
than 3, particles are not associated; if tan δ is in the range of 1–3, fillers are weakly associated; 
otherwise, particles are strongly associated. Hence, the nano-fillers in this research were strongly 
associated. 
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Fig. 4 Tan δ (left) and log–log plot of complex viscosity (right) of the neat PVDF and its nanocomposites with 
respect of oscillatory frequency. 
Figure 4 (right) shows the complex viscosity of pure PVDF and its nanocomposites as a function 
of the oscillation frequency. The matrix displayed a pseudo-Newtonian behaviour in almost the 
whole range of angular frequency, while the nanocomposites showed higher complex viscosity and 
more pronounced shear thinning behaviour, especially with the presence of the nano-filler network. 
The shear thinning of pseudo-non-Newtonian behaviour has been observed in some conventional 
thermoplastic composites. Studies on particulate-filled polymers with high percentage of fillers 
have shown that the dynamic viscosity increases with the increase of filler concentration and shows 
a divergence at low frequency after a critical concentration, indicating a structural change of the 
network formed by the particles [34]. Here the addition of nanofillers and the presence of nano-
filler network affected the complex viscosity and shear thinning, especially at low frequency. 
Discussion 
   Many mechanisms have been put forward to illustrate the enhancement of the elasticity of 
polymer composites. Sarvestani et al. [2] suggest that the appearance of solid-like behaviour at low 
frequency regimes is due to the significant slowdown in relaxation of the adsorbed chains. 
Anderson  et al. [35, 36] shows that the association of polymers with particles drives the particles to 
structure more than the expectation of particles with interactions governed merely by hard core 
repulsions. Pryamitsyn et al. [37] shows particles can influence the viscoelastic properties of the 
system by a combination of several mechanisms: 1) The particles induced effects on the dynamics 
of polymer segments that modify the relaxation spectrum of the polymers; 2) Particle jamming 
effects lead to slow relaxations and substantial enhancements in elasticity; and 3) The strain field 
distortion caused by the presence of rigid inclusions affects the overall modulus of the composite. 
For simplicity, we divide all the effects into two factors: 1) jamming effect from the network 
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structures of the nanofillers. 2) non-jamming effect, which from the slowdown in relaxation of 
adsorbed chains, polymer-mediated transient network, and strain field distortion etc., and caused by 
the presence of rigid nanofillers.  
Due to the shear stress, most layered silicates are aligned among PVDF matrix, which will 
decrease the jamming effect significantly, and therefore no significant pseudo solid-like behaviour 
appeared for PL5 at low frequency. The introduction of MWCNTs may affect the arrangement of 
layered silicates in sample PL5C5 compared with the layered silicates in sample PL5. However, the 
difference of the elasticity improvement made by layered silicates in PL5 and PL5C5 should be 
small. This is because the difference of the arrangement of layered silicates in both samples is small 
due to reasonable dispersion has been achieved for PL5, which can be confirmed by TEM image 
(Figure 2). For sample PC5, due to the chemical treatment for MWCNTs, a good dispersion of the 
MWCNTs was achieved. However, because of the “cutting effect” induced by the chemical 
treatment, the length of MWCNTs is reduced to about 300~400 nm (Figure 2c), which weakened 
the jamming effect. Hence, no obvious pseudo solid-like behaviour occurred in sample PC5. On the 
other hand, the arrangement of MWCNTs in PL5C5 is significantly different from PC5. This is 
because the MWCNTs added to PL5C5 are able to attach to the surface of layered silicates. 
However, the significant variation of the arrangement of MWCNTs between sample PC5 and PL5C5 
should cause small difference of the jamming effect and non-jamming effect from MWCNTs due to 
the short length of MWCNTs, which cannot change the jamming effect significantly, and weak 
interaction between MWCNTs and PVDF, which cannot change the non-jamming effect 
significantly. So the difference of elasticity improvement made by MWCNTs alone in PC5 and 
PL5C5 should be small. However, in this research, the improvement of the elasticity in sample 
PL5C5 at low frequency is much larger than the simple superposition of the effect of layered 
silicates and MWCNTs. This significant improvement of the elasticity should be ascribed to the 
jamming effect from the network structure formed by the layered silicates and MWCNTs. 
Conclusions 
We constructed the nano-filler network structures with layered silicates and MWCNTs, which was 
confirmed by ATR-FTIR, TEM, and dynamic rheological test. The melt-state linear viscoelastic 
behaviour of those nanocomposites confirmed that the jamming effect due to the network structures 
formed by layered silicates and MWCNTs dominated the enhancement of the elasticity at low 
frequency, which showed obvious pseudo solid-like behaviour at low frequency. However, this 
effect was sensitive to the frequency and decreased quickly with the increase of frequency.  
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Supplementary Information 
1. Crystallization behaviour and crystal structure 
Typical DSC heating and cooling curves are plotted in Figure 2.18 and Figure 2.19, and the 
corresponding data are summarised in Table 2.1, in which the enthalpy has been normalized 
according to the net weight of PVDF matrix in the nanocomposites. It was observed that the 
addition of layered silicates and MWCNTs individually increased the crystallization temperature (Tc) 
as given in Table 2.1, which showed the nucleating effect by layered silicates and MWCNTs, 
respectively. A minor decrease of the enthalpy of crystallization (ΔHc) was observed too. With the 
formation of the nanofiller networks, a minor variance of Tc occurred, but ΔHc was still reduced. 
This may be due to the restriction of PVDF chain mobility by the network structures. For the 
melting curves, the layered silicates led a significant increase for the equilibrium melting 
temperature (Tm), and no changes for other samples with the addition of MWCNTs further. The 
enthalpy for melting (ΔHm) showed a minor decrease with the formation of the nanofiller network. 
 
Figure 2.18 Non-isothermal DSC scans of PVDF and its nanocomposites. Left is the first heating round, and right is the 
second heating round. 
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Figure 2.19 Crystallization DSC curves for PVDF and its nanocomposites.  
Table 2.1 DSC parameters of PVDF and its nanocomposites (normalized). 
            Sample ΔHm(J/g) Tm(°C) ΔHc(J/g) Tc(°C) 
           1st Heating 2nd Heating 1st Heating 2nd Heating 
PVDF 
PL5 
PC5 
PL5C1 
      PL5C2  
PL5C5 
50.22 
50.78 
49.85 
48.50 
48.06 
47.43 
48.57 
48.83 
48.12 
48.56 
47.70 
45.61 
166.76 
171.34 
165.91 
171.19 
170.91 
170.55 
166.14 
171.70 
166.55 
171.85 
171.29 
170.71 
42.95 
41.07 
39.89 
37.44 
36.60 
36.32 
134.32 
142.98 
137.51 
142.79 
143.01 
142.51 
To verify the crystal structures of our nanocomposites, ATR-FTIR was conducted, and the result is 
shown in Figure 2.20. The PVDF contains layered silicates and MWCNTs crystallized into γ and β, 
respectively, which is coincident with the previous research. With the formation of nanofiller 
network by layered silicates and MWCNTs, a mixture of both γ and β appeared.  
 
Figure 2.20 ART-FTIR spectra of PVDF and its CNTs nanocomposites. 
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2. Dynamic mechanical behaviour 
Figure 2.21 shows the storage modulus and Tan δ of PVDF and its nanocomposites. It was observed 
that the storage modulus of PVDF was enhanced by the addition of OMLSs and MWCNTs over the 
temperature range from -100 to 150 °C. However, it is very interesting that with the formation of 
the nano-filler network, there was no reinforcement; on the contrary, plasticization happened. 
Especially below the glass transition temperature, there is significant decrease of the storage 
modulus, which means the resistance to the elastic deformation decreased. With the increase of the 
temperature, the plasticization effect decreased because it can be observed that the difference of the 
storage modulus decreased with the increase of temperature. The curves of tan δ show a broad peak 
near -30 °C, which correspond to the Tg of PVDF. No significant change in the Tg was observed, 
which means that the mobility of the polymer chains were not affected by the formation of nano-
filler network. In addition, no significant changes in the α2 relaxation occurred, which was related to 
the amorphous region at the surfaces of the crystals [143, 144]. However, significant changes in the 
high temperature transition (α1) around 90 °C, which was ascribed to the liberation of PVDF chains 
in the crystalline regions occurred [129].  This is due to the changes of the crystalline structures by 
the addition of nanofillers and formation of networks.  
 
Figure 2.21 Temperature dependence of the storage modulus (left) and Tan δ (right) for PVDF and its nanocomposites. 
3. Mechanical properties 
Tensile tests were carried out in order to determine the mechanical properties of the PVDF 
nanocomposites. Typical stress–strain curves at a loading speed of 5 mm/min for all 
nanocomposites are shown in Figure 2.22, and the mechanical properties calculated from the stress-
strain curves are shown in Table 2.2. It was observed that the addition of OMLSs increased the 
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modulus, which was increased by 40% (from 1.95 to 2.72 GPa). The addition of MWCNTs caused 
a small enhancement too. However, with the formation of the nano-filler networks, a decrease of the 
modulus for the addition of MWCNTs to the PVDF with 5 wt% layered silicates nanocomposites 
was observed. This result was coincident with the DMA results.  
 
Figure 2.22 Typical stress–strain curves of PVDF and its nanocomposites. 
Table 2.2 Mechanical Properties from Tensile Testing for PVDF and its Nanocomposites. 
Sample Young’s modulus (GPa) Tensile strength (MPa) Elongation at break (%) 
PVDF 
PL5 
PC5 
PL5C1 
PL5C2 
PL5C5 
1.97(0.04) 
2.72(0.12) 
2.29(0.16) 
2.44(0.19) 
2.37(0.27) 
2.32(0.10) 
49.3(0.5) 
50.4(1.5) 
50.6(0.9) 
47.3(1.4) 
46.5(0.5) 
48.0(0.9) 
254.3(121.2) 
20.5(9.6) 
38.3(10) 
16.3 (10.0) 
20.0(9.1) 
17.0 (5.8)  
The decrease of the Young’s modulus and the plasticization during DMA test with the formation of 
nanofiller network by OMLSs and MWCNTs could be due to the contact surface between OMLSs 
and MWCNTs. In this research, there was interaction between OMLSs and MWCNTs, but it was 
weak. Therefore, just during melting, the nano-filler networks showed restriction to the mobility of 
PVDF chains and improvement of modulus. However, as the matrix became harder, the contact 
interface between OMLSs and MWCNTs, and PVDF matrix and nanofillers started to play a more 
important role. In the solid state, the network formed by OMLSs and MWCNTs was not strong 
enough to resist the deformation during loading. However, the easy slippage or detachment between 
OMLSs and MWCNTs due to the weak interaction during loading made the contact interface 
between OMLSs and MWCNTs a drawback for reinforcement during loading. In particular, the 
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stress concentration around the nanofillers would exaggerate drawback and worsen the properties. 
Finally, the decrease of Young’s modulus and storage modulus during DMA test was observed with 
the formation of nanofiller network. 
2.4 Conclusion 
In this research, the effect of four types of nanofillers (layered silicates, carbon nanotubes, 
microcrystalline cellulose, and halloysite nanotubes) and a 3D network formed by layered silicate 
and carbon nanotubes on the structures and properties of PVDF was investigated. Based on the 
results [145, 146]. 
1. The addition of nanofillers has a nucleating effect, which resulted in an increase of crystallisation 
temperature (Tc). This is due to the surface supplied by the nanofiller for the growth of the 
crystallites, which decreased the Gibbs free energy for the growth of crystallites. The HNTs showed 
the strongest nucleating effect, which may indicate the dispersion of the nanofiller, not the aspect 
ratio, is the key factor for the nucleating effect based on the fact of the very low aspect ratio of 
HNTs. The changes of crystallinity and melting temperature showed a dependence on the type of 
nanofiller. Generally, a minor variance in the crystallinity and an increase of melting temperature 
were observed. At the same time, it was observed that the addition of nanofillers induced new 
crystal phase (β or γ phase).  
2. The addition of nanofillers, even the formation of the nanofiller network structures, did not 
change the glass transition temperature (Tg), indicating that no significant changes of the mobility of 
PVDF molecular chains occurred. A lot of research found that nanofillers would affect the mobility 
of the polymer chains in their vicinity and thereby influence the overall matrix rigidity; however, 
the results here showed that there is no confinement for PVDF molecular chains at the macro-scale. 
However, due to the changes of the crystalline structures by the introduction of nanofillers, the 
other relaxation peaks α1 and α2 changed significantly. The improvement of the storage modulus 
was observed with the addition of nanofillers, and the addition of the interfacial modifier, PVDF-
MAH showed a positive effect to improve it further. Among the different types of nanofillers, 
layered silicates were found to be most efficient in improving the storage modulus. 
3. Tensile mechanical properties showed that the improvement of Young’s modulus depended on 
the aspect ratio, dispersion, concentration, and interaction between the PVDF matrix and nanofillers. 
A high aspect ratio definitely benefits the improvement of Young’s modulus, with layered silicates 
showing the greatest improvement. The improvement of the interaction between nanofillers and the 
PVDF matrix could increase it further. The tensile strength showed a complicated changing trend, 
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however, in general the better interaction between PVDF and nanofillers, the higher the tensile 
strength. The fracture behaviour showed it was strongly dependent on the dispersion and 
morphology of the nanofillers. Low aspect ratio HNTs still showed reasonable elongation at break, 
even at the concentration of 10 wt% due to the almost uniform dispersion in the PVDF matrix. 
However, for other types of nanofillers, at just 2 wt% concentration, a dramatic decrease of the 
elongation at break occurred.    
4. Due to the time-consuming creep test, only three systems, PVDF with layered silicate, PVDF 
with carbon nanotubes, and PVDF with microcrystalline cellulose were tested. Based on the results, 
the general rules for the improvement of creep resistance can be generated, namely, a high aspect 
ratio of the nanofillers and good interaction between the nanofillers and the PVDF matrix. For 
HNTs, a low aspect ratio is extremely detrimental to the improvement of creep resistance. The 
formation of the nanofiller networks did show a significant network effect in the melt state. 
However, this effect did not occur in the solid state using the DMA test and tensile mechanical 
properties, which showed no changes of the Tg, and lower storage modulus. The contact interface 
between the layered silicates and carbon nanotubes showed side-effects to the improvement of 
Young’s modulus, which would also show side-effects to creep behaviour. Based on the above 
information, the creep resistance of PVDF/HNTs and PVDF with 3D nanofiller network should 
perform worse than the highest one in the tested three systems (PVDF/MWCNTs, PVDF/Layered 
silicates, and PVDF/MCC). Therefore, there is no creep test for PVDF/HNTs nanocomposites and 
PVDF with 3D nanofiller networks formed by layered silicates and carbon nanotube 
nanocomposites. 
5. The four types of nanofillers used in this research showed both advantages and disadvantages. 
For layered silicates, their good mechanical properties and high aspect ratio are very important 
characteristics to be used to reinforce PVDF and commercially available organically modified 
layered silicate provides an opportunity to further fine-tune the compatibility between PVDF and 
layered silicates. However, dispersion is a big issue due to the strong van der Waals bonding 
between layered clays. If single layered clay platelets cannot be generated, the aggregation of those 
single layers together would result in a deterioration of the final properties, which was demonstrated 
in the simulation by Fornes. For carbon nanotubes, their excellent mechanical properties and high 
aspect ratio are ideal properties to be used to reinforce PVDF. However, there are two obstacles that 
affect performance: one is the dispersion due to the strong van der Waals interaction in carbon 
nanotubes. The other is the weak interaction between PVDF and carbon nanotubes. The two 
obstacles can be solved by chemical treatment. The functionalisation of carbon nanotubes by 
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chemical treatment would help the dispersion, and provide a way to fine-tune the interaction 
between PVDF and carbon nanotubes, but normally the chemical treatment would shorten the 
carbon nanotubes, and finally decrease the aspect ratio, which is detrimental to the final properties. 
For microcrystalline cellulose, its large amount of the hydroxyl groups showed good prospects for 
fine-tuning the interaction between microcrystalline cellulose and PVDF to improve compatibility 
and, finally, to improve the properties. However, the low aspect ratio and difficulties in obtaining 
individual cellulose whiskers restricted the improvement of the final performance. For halloysite 
nanotubes, their ready dispersion is the biggest advantage. And their unique structures provided an 
opportunity to fine-tune the interaction between PVDF and halloysite nanotubes to improve their 
compatibility. However, the very small aspect ratio of halloysite nanotubes is the fatal flaw which 
restricts the improvement of performance. A way to combine all the advantages and avoid the 
disadvantages of the above four types of nanofillers is the biggest challenge to achieve a dramatic 
improvement in performance. 
6. Compared with other nanofillers, PVDF/CNTs nanocomposites were shown to be the best when 
used in TCW technology, based on their greater improvement of creep resistance, simplicity for 
composition, and fewer potential side-effects. Results were presented that PVDF/CNTs 
nanocomposites and PVDF/layered silicate nanocomposites showed the greatest improvement in 
creep resistance. However, to achieve similar improvement, for PVDF carbon nanotube 
nanocomposites, just 5 wt% carbon nanotubes were enough, but for PVDF layered silicate 
nanocomposites, 5 wt%, 3 wt% PVDF-MAH must be incorporated. This made the composition of 
PVDF layered silicate nanocomposites more complicated than that of PVDF carbon nanotube 
nanocomposites. At the same time, for PVDF used in TCW technology, the inter-diffusion of epoxy 
and PVDF to form a semi-interpenetration polymer network interphase is the key factor in their 
final excellent performance. The possible barrier effect from the layered silicates may affect the 
inter-diffusion between epoxy and PVDF, and finally affect the formation of the semi-
interpenetration polymer network interphase. This side-effect was less likely to be induced when 
using carbon nanotubes. Therefore, carbon nanotubes were chosen as the nanofillers to modify 
PVDF. The next part of work will focus only on PVDF carbon nanotube nanocomposites. 
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Chapter 3 PVDF bud-branched nanotube nanocomposites 
3.1 Introduction 
There are four main requirements for effective reinforcement: large aspect ratio, good dispersion, 
alignment and interfacial stress transfer. In all, the key point for efficient reinforcement is that the 
external stresses applied to the composite as a whole are efficiently transferred to the nanofillers, 
allowing them to take a disproportionate share of the load [1]. Achieving suitable CNT-matrix 
interfacial bonding that provides effective stress transfer is becoming the key factor to achieve high 
performance for CNT/polymer structural composites. It is, therefore, believed that the improved 
load transfer will give rise to excellent creep resistance in nanocomposites [2]. 
There are three main possible mechanisms of load transfer from the matrix to reinforcement. The 
first is the weak van der Waals bonding between the reinforcement and the matrix, which is the 
main load transfer mechanism for CNT/polymer composites [3]. The interfacial energies normally 
amount to ~50–350mJ/m2 [3, 4]. The second is chemical bonding between CNTs and matrix. The 
third is micromechanical interlocking, which can be marginal in CNT/polymer composites if the 
CNTs have atomically smooth surfaces [3]. 
Based on the three main mechanisms of load transfer above, it is possible to enhance the load 
transfer from a matrix to reinforcement by different treatments to improve the mechanical 
performance of the composites. The van der Waals bonding can be enhanced by using small 
reinforcement and close contact at the interface. From this point of view, individual SWNTs show 
their advantage compared with MWNTs. However, isolated SWNTs are rarely available to 
experimentalists. Due to their great flexibility and high surface energy, SWNTs tend to aggregate 
into large bundles. Bundle properties are generally inferior to those of isolated SWNTs. It is 
extremely difficult to separate SWNTs from bundles, making this issue a serious hurdle in the way 
of real applications [1]. The chemical bonding between CNTs and matrices can be enhanced or 
created by surface treatments such as controlled oxidisation, surface functionalisation and physical 
coating [3]. In the previous chapter, CNTs were functionalised by treating them with hydrogen 
peroxide. An interfacial modifier, PVDF-MAH, was then added to improve the interaction between 
the PVDF matrix and CNTs. Results showed an improvement of Young’s modulus. The key 
question for this method is whether or not such surface modification induces damage to the 
mechanical properties of the CNTs. Traditional oxidisation normally results in the shortening of 
CNTs, and a decreased aspect ratio. For the micromechanical interlocking between CNTs and the 
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matrix’s molecular chains, the ideal situation is that the CNTs can block the movement of the 
polymer chains.   
As mentioned above, the chemical bonding method was tried in the previous chapter, and an 
improvement of Young’s modulus and the storage modulus were achieved. However, the 
improvement of creep resistance was minor. To further improve the properties, micromechanical 
interlocking was employed in this research. To achieve the interlocking effect, “bud-branched” 
nanotubes, carbon nanotubes decorated by metal particles, were fabricated. Bud-branched 
nanotubes were prepared by a wet impregnation method using an acetone solution of RuCl3 [5, 6],  
which was mixed with PVDF to form nanocomposites.  
3.2 Fabrication and characterisation 
The Fabrication of bud-branched nanotubes 
The MWCNTs were first purified in 5mol nitric acid for 2h at 25°C to remove amorphous carbon 
and the residual Fe catalyst. Then the purified MWCNTs were mixed with RuCl3 in an acetone 
solution. The obtained mixtures of MWCNTs and RuCl3 in acetone were dried at 40°C to nearly dry 
and then at 100°C for 2 h. The RuCl3 with combined water was deposited on the surfaces of the 
MWCNTs. Subsequently the sample of MWCNTs with deposited RuCl3 with combined water was 
heated in Ar to 450°C at a heating rate of 3°C/min, and held at that temperature for 1h, which 
resulted in the decomposition of RuCl3 with combined water to RuO2. Reduction of the oxide to the 
metal was then carried out via H2 at 450°C for 2h. The samples were labelled as MWCNTs-B. The 
desired amount of Ru (10 %wt) was calculated based on the chemical reaction formula of 
RuCl3∙xH2O→RuO2+H2→2Ru, which was controlled by the addition amount of the RuCl3 with 
combined water. Figure 3.1 shows typical TEM images of the single MWCNTs-B. It can be seen 
that particle-like buds had been grown successfully on the surface of the MWCNTs. 
 60 
 
 
Figure 3.1 TEM images of a single MWCNTs-B. 
Please refer to section 2.2 for detailed information regarding the fabrication of nanocomposites and 
characterisation. 
3.3 Results and discussion 
The successful fabrication of bud-branched nanotubes may not only help control stress transfer, but 
also provide a chance to clarify some fundamental issues for nanocomposites, such as the effect of 
the restricted particles on the viscoelastic behaviour of the polymer nanocomposites in the melt state 
and the propagation of the micro-crack between carbon nanotubes and the polymer matrix. 
Therefore, the effects of bud-branched nanotubes, on rheological behaviour, crystalline structure, 
fracture behaviour and final properties were investigated. Creep behaviour is very important 
information for the PVDF and modified PVDF used in TCW technology as mentioned before, and 
this would benefit the selection of the suitably modified PVDF used in TCW technology. Therefore 
systematic research about creep behaviour of PVDF and its nanocomposites with carbon nanotubes 
and bud-branched nanotubes was conducted. To predict long term creep behaviour, three well-
known models were employed. Based on a different focus, this part of the research was separated 
into three topics.   
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3.3.1 Rheological behaviour of PVDF nanocomposites with carbon nanotubes 
and bud-branched nanotubes 
3.3.1.1 Introduction  
The aim of this section is to investigate the effect of the buds on rheological behaviour. The 
fabrication of “bud-branched” nanotubes with the buds fixed on the surface of carbon nanotubes 
gave the opportunities to investigate the effect of the restricted nanoparticles on the viscoelastic 
behaviour, which would deepen our understanding of the viscoelastic behaviours of polymer 
nanocomposites. Therefore, the rheological behaviour of PVDF nanocomposites with “bud-
branched” nanotubes was studied. Results showed that the fixed buds on the MWCNTs distorted 
the strain field around the buds and nanotubes during the oscillations, which caused an additional 
source of stored elastic energy, and finally led to greater improvement of the elasticity, and the 
increase of normal force. Section 3.3.1 is included as it appears in Journal of Macromolecular 
Science Part B-Physics, 2012, 51, 1498–1508.  
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Bud-branched nanotubes, fabricated by growing metal particles on the surfaces of
multiwall carbon nanotubes (MWCNTs), were used to prepare poly(vinylidene fluo-
ride) (PVDF)-based nanocomposites. The melt viscoelastic behaviors of PVDF and its
nanocomposites were characterized. The results showed that the introduction of both the
MWCNTs and bud-branched nanotubes (MWCNTs-B) increased the storage modulus,
loss modulus, and complex viscosity of the nanocomposites. However, the bud-branched
nanotubes were more efficient to increase the elasticity than the MWCNTs that have rel-
atively smooth surfaces. In particular, it was observed that the bud-branched nanotubes
caused an increase of normal force and crossover modulus, while for MWCNTs, no
variation in the normal force and a decrease of the crossover modulus were observed.
Keywords nanocomposites, poly(vinylidene fluoride), rheological behaviors
1. Introduction
Mixtures of polymers and particles occur in a variety of important practical applications,
such as paints, coatings, and rheological modifiers.[1] In many of these applications, the
size of the polymer molecules is much smaller than that of the particles. More recent
advances have involved polymer–particle mixtures in the “nanoparticle limit” due to their
potential to remarkably enhance polymer properties. Here, the size of the polymer is
comparable to or larger than the size of the particles.[2–5] Reduction of the filler size
down to nanoscale can lead to substantial differences in the viscoelastic behaviors and
dynamics of filled polymer liquids compared to complex fluids reinforced with micron
sized particles.[6–8] Many experimental findings of the linear viscoelastic properties of
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polymer nanocomposites (PNCs) have suggested that PNCs display a stronger enhancement
of the elasticity (plateau modulus) with increasing concentrations of the particulate phase
compared to microcomposites at similar filler volume fractions.[9,10] Moreover, in a number
of systems, pseudo solid-like, nonterminal behavior occurs, which shows a low frequency
plateau in the storage modulus (G′) and diverging complex viscosity at low shear rates,
which has been attributed to a so-called percolated structure.[11–18]
Several explanations of the percolated structures have been put forward, such as poly-
mer bridge formation,[19] confinement-enhanced entanglements,[20,21] trapped entangle-
ments,[22] polymer-mediated transient network,[23] and particle phase separation leading to
gelation.[24] Anderson et al. [25,26] showed that the association of polymers with the particles
drives the particles to structure, more than that would be expected of particles with interac-
tions governed merely by hard core repulsions, and those particles show signs of instability,
an increase in density fluctuations, in the polymer melt at a common elevated volume
fraction, which is polymer molecular weight independent. Sarvestani et al.[6] modeled the
solid-like behavior of entangled PNCs in low frequency regimes, and suggested that the
appearance of solid-like behavior in the low frequency regimes is due to the significant
slowdown in the relaxation of adsorbed chains. Pryamitsyn et al.[1] studied the mechanisms
governing the linear viscoelasticity behaviors of nanocomposites of spherical nanofillers
dispersed in polymer melts by computer simulation and showed that particles influenced
the viscoelastic properties of the system by a combination of several mechanisms: (1) the
particles induced effects on the dynamics of polymer segments that modify the relaxation
spectrum of the polymers; (2) particle jamming effects lead to slow relaxations and substan-
tial enhancements in elasticity; and (3) the strain field distortion caused by the presence of
rigid inclusions affects the overall modulus of the composite.[1] Their studies on nanorods
in polymer solutions[7] also showed that the topology of the phase diagram of polymer and
rod mixtures are highly affected by the anisotropy of the rods, relative sizes of the rods
and polymers, concentration of the polymer, and the strength of adsorption. However, in
most experimental studies and simulations, just the viscoelasticity properties of composites
for which the nanofillers were directly mixed with the polymer matrix have been investi-
gated. Therefore, research about the effect of the restricted nanofillers on the viscoelastic
behaviors would deepen our understanding of the viscoelastic behaviors of PNCs.
In this article, “bud-branched” nanotubes were fabricated. The formation of the buds on
the surfaces of the nanotubes should significantly affect the strain field around the buds, and
the changed strain field around the buds would slow the mobility of the multiwall carbon
nanotubes (MWCNTs) with attached nanoparticles compared with the smooth MWCNTs,
and hence affect the macro-viscoelastic behaviors. This provides a great opportunity for the
elucidation about the interactions between nanofillers and polymer matrix. To avoid strong
interaction between the polymer chains and nanofillers, a nonpolar polymer poly(vinylidene
fluoride) (PVDF) was chosen as the matrix. The same PVDF with smooth nanotubes was
chosen as a benchmark to show the effect of the restricted particles on the viscoelastic
behaviors. The rheological behavior of resulting nanocomposites with both “bud-branched”
nanotubes and MWCNTs was examined.
2. Experimental
2.1 Materials
Poly(vinylidene fluoride) (Kynar 741, powder) was kindly supplied free-of-charge by
Arkema (Australia, New Zealand). The MWCNTs with diameter of 10–30 nm (mainly
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around 20 nm) were purchased from Tsinghua University, China. Analytical grade N-
methyl-2-pyrrolidone (NMP), purchased from Aldrich (New South Wales, Australia), was
used as solvent. The nitric acid (HNO3, 68%) was purchased from the Sigma Aldrich Co.
(New South Wales, Australia) RuCl3 (analytical grade) with combined water was obtained
from Sigma-Aldrich. All chemicals were used as received.
2.2 The Fabrication of Bud-Branched Nanotubes
Bud-branched nanotubes were prepared by a wet impregnation method using an acetone
solution of RuCl3.[27,28] The MWCNTs were purified in 5 mol nitric acid for 2 h at 25◦C to
remove amorphous carbon and residual Fe catalyst first. Then, the purified MWCNTs were
mixed with RuCl3 in acetone solution. The obtained mixtures of MWCNTs and RuCl3
in acetone were dried at 40◦C to nearly dry and then at 100◦C for 2 h. The RuCl3 with
combined water was deposited on the surfaces of the MWCNTs. Subsequently, the sample
of MWCNTs with deposited RuCl3 with combined water was heated in Ar to 450◦C at
a heating rate of 3◦C/min, and held at that temperature for 1 h, which resulted in the
decomposition of RuCl3 with combined water to RuO2. Reduction of the oxide to the metal
was then carried out via H2 at 450◦C for 2 h. The samples were labeled as MWCNTs-B.
The desired amount of Ru (10wt%) was calculated based on the chemical reaction formula
of RuCl3·xH2O → RuO2 + H2 → 2Ru, which was controlled by the addition amount of
the RuCl3 with combined water.
2.3 Preparation of Nanocomposites
The procedure for the fabrication of nanocomposites was as follows: (1) MWCNTs or
MWCNTs-B were dispersed in the solvent NMP with strong mechanical stirring (5 min)
and ultrasonic treatment (60 kHz, 1.5 h) alternately. At the same time, the polymer, PVDF,
was dissolved in NMP to form a PVDF solution (the ratio of PVDF and solvent was 1:5 by
weight); (2) the MWCNTs or MWCNTs-B suspension and the PVDF solution were mixed
together with alternate strong mechanical stirring and ultrasonic treatment alternately (1.5 h
total, 25 min ultrasonic, and then 5 min magnetic stirring); (3) the mixed suspension was
poured onto a glass plate, and then covered with another glass plate; (4) the glass plates
were placed into deionized water (the antisolvent to NMP), which caused the film to solidify
in 3–5 min. The wet films were then dried in a vacuum oven for 72 h at 80◦C (to remove
any remnant of the solvent). The obtained materials were used to prepare samples for
rheological tests and other characterization.
As summarized in Table 1, various blend formulations were prepared and analyzed.
The weight of 10wt% metal particles attached on the surfaces of MWCNTs was deducted
when we calculated the percentage of the MWCNTs-B.
Table 1
Samples codification
Sample Composition
PVDF PVDF (100wt%)
PN0.5 PVDF (100wt%) + MWCNTs (0.5wt%)
PBN0.5 PVDF (100wt%) + MWCNTs-B (0.5wt%)
PBN1 PVDF (100wt%) + MWCNTs-B (1wt%)
PBN2 PVDF (100wt%) + MWCNTs-B (2wt%)
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2.4 Characterization
Transmission electron microscopy (TEM) images of the prepared nanocomposites were
obtained by using a JEOL 1010A high-resolution transmission electron microscope oper-
ated at 100 kV. A Reichert-Jung Ultracut-E microtome was utilized to cut thin sections out
of nanocomposites sheets with thickness of 50–70 nm for TEM characterization.
Rheological measurements were performed using a TA AR2000 EX stress-controlled
rheometer in parallel plate geometry at 200◦C. The disks, with a thickness of 1.5 mm
and a diameter of 25 mm, used for testing were prepared by compression molding at
200◦C. Small-amplitude oscillatory shear (SAOS) measurements were conducted within a
frequency range from 0.01 to 100 Hz. A sinusoidal strain of the form
γ (t) = γ0 sin(ωt),
where γ0 is strain amplitude, ω is oscillatory frequency, and t is time, was imposed on the
testing samples. The viscoelastic parameters (storage modulus G′ and loss modulus G′′)
of the samples were recorded. All the tests were performed under nitrogen environment to
minimize oxidative degradation.
3. Results and Discussion
3.1 Morphological Characterization
Figure 1 shows typical TEM images of the MWCNTs-B and PVDF/MWCNTs-B nanocom-
posites with 2wt% MWCNTs-B. It can be seen that particle-like buds had been grown
successfully on the surface of the MWCNTs (Fig. 1a). For the nanocomposites (Fig. 1b),
the MWCNTs-B were monodispersed in the PVDF matrix, showing that in this research,
through the ultrasonic treatment and mechanical stirring, in NMP solvent, even for the
highest concentration used here, monodispersed PVDF/MWCNTs-B nanocomposites were
achieved.
Figure 1. TEM images of a single MWCNTs-B (a) and PVDF nanocomposites with 2wt%
MWCNTs-B (b).
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Figure 2. Log–log plots of dynamic moduli vs. frequency for PVDF and its nanocomposites
(0.5wt%) with different nanotubes: storage modulus (top) and loss modulus (bottom).
3.2 Dynamic Oscillatory Response
Figure 2 shows the storage modulus and loss modulus of PVDF and its nanocomposites
with 0.5wt% of MWCNTs and MWCNTs-B, and Fig. 3 shows the complex viscosity. At
low-frequency, PVDF chains were fully relaxed and exhibited typical homopolymer-like
terminal behavior.[29] The introduction of MWCNTs and MWCNTs-B increased the storage
modulus, loss modulus, and complex viscosity, but they still displayed typical homopolymer
terminal behavior.
Many reports on the linear viscoelastic properties of PNCs reveal that there is a
strong enhancement in the elasticity (plateau modulus) with the introduction of nanofillers.
Moreover, in a number of systems, a pseudo solid-like, nonterminal behavior occurs, which
shows a low frequency plateau in the storage modulus (G′) and diverging complex viscosity
Figure 3. Log–log plot of complex viscosity vs. frequency for PVDF and its nanocomposites
(0.5wt%) with different nanotubes.
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at low shear rates. This phenomenon has been generally attributed to a so-called percolated
structure.
As indicated in Figs. 2 and 3, the qualitative features (shapes) of the viscoelastic
behavior were not affected by the introduction of the two kinds of nanotubes when the
loading was 0.5wt%. However, at a quantitative level, the introduction of nanotubes resulted
in an increase in the magnitudes of the storage modulus, loss modulus, and complex
viscosity at all frequencies, and the enhancement from the MWCNTs-B was much greater
than that from MWCNTs. It was observed that the enhancement from the MWCNTs-B was
over twice as large as the enhancement by the smooth MWCNTs for the storage modulus.
Polymer solutions and melts are known to exhibit two types of anomalies, viz. viscous
(resulting in shear-dependent viscosity under steady flow conditions) and elastic (manifest-
ing in normal stresses under steady flow conditions). The introduction of carbon nanotubes
may affect these characteristics. Kharchenko et al.[30] reported that there were a large neg-
ative normal stress differences (N) for CNT/isotatic polypropylene (iPP) melts under
steady shear flow and that die-shrinkage rather than die-swelling occurred when these ma-
terials were extruded from a pipe. However, the rheological properties of these low aspect
ratio CNT/iPP nanocomposites were contrary to the observations of Kharchenko et al. for
high aspect ratio CNT in iPP.[31]
In this research, another interesting result is shown in Fig. 4, which shows the normal
force of PVDF and its nanocomposites. It was observed that a periodic (logarithmic) minor
oscillation of the normal force existed for pure PVDF varying with the frequency. The
behavior of normal stress in SAOS has been studied. Results showed that the normal stress
oscillates at double the applied frequency about a nonzero mean value. The nonzero mean
value represents the nonoscillating component, which depends quadratically on the strain
amplitude.[32–36] In this work, PVDF was under constant periodic oscillatory shear, not
steady shear, so the polymer melt would experience periodic shear deformation, destruction,
and reconstruction of the entanglement polymer, which would result in a minor oscillation
of normal force with the frequency. Even though oscillations existed, the data varied around
Figure 4. The plot of normal force vs. frequency for PVDF and its nanocompostes with different
nanotubes.
D
ow
nl
oa
de
d 
by
 [U
Q 
Li
bra
ry]
 at
 17
:36
 29
 M
ay
 20
12
 
1504 X.-G. Tang et al.
a value for PVDF of about 0.113N. For simplicity we took this value, the average normal
force, to represent the normal force. The standard deviation for PVDF was 0.007, which is
about 6% of the average value, and was small and resulted from the structure changing as
analyzed above, not test deviation. During the frequency sweep, no significant variation in
the normal force with the introduction of 0.5wt% MWCNTs was observed. This is because
the concentration of MWCNTs here was too low to form a nanotube network, which is
considered to be the key factor for the variation of normal force.[30,31] However, with the
introduction of the MWCNTs-B, the normal force (0.223N) was almost doubled compared
with PVDF (0.113N) and PVDF nanocomposites with 0.5wt% MWCNTs (0.112). Normal
force is a very sensitive measurement of the elasticity of a material, and can generate useful
information relating the internal structure to the material’s flow behavior. The increase of
the normal force by the “bud-branched” nanotubes was a sign of an enhancement of the
elasticity for the nanocomposites.
As mentioned in the introduction, Pryamitsyn et al.[1] simulated the linear viscoelastic
behaviors of polymer–nanoparticle composites, and the mechanisms mentioned in the intro-
duction were put forward to explain the enhancement of the elasticity by the introduction of
nanoparticles. Here, the amount of nanotubes was low, so no significant network structure
was formed, and jamming effects would be expected to be relatively weak. It is possible
that there are effects due to modification of the relaxation of polymer segments associated
with the nanoparticles. However, it is considered that the origin of the enhancement of
the normal force is most likely a result of significant distortion of the strain fields around
the buds on the MWCNTs-B. The simulation of Pryamitsyn et al. shows that strain field
distortion occurs at high frequency. However, in this research, because the metal particles
are fixed on the surfaces of the nanotubes and, consequently, have less mobility compared
with particles just mixed with the polymer matrix, a greater restriction on the movement of
the nanotubes can be caused. During testing, it can be imagined that the particles vibration
in the matrix would distort the strain field both along the vibration direction and the normal
direction. The latter would result in the enhancement of the normal force. Figure 5 shows
the schematic of the distorted strain field by a bud fixed on the surfaces of nanotubes. The
greater restriction caused by the buds on the nanotubes would also be expected to extend
the effect to lower frequencies than those simulated for free particles by Pryamitsyn et al.[1]
due to the much lower mobility of the nanoparticles.
The restricted molecular mobility due to hydrodynamic effects of the nanofillers could
also be traced by the crossover point characteristics at which the values of G′ and G′′
are equal. With increasing angular frequencies, the crossover point indicates a transition
from a more viscous deformation to a more elastic behavior. The shift in crossover fre-
quency represents the changes in molecular mobility and relaxation behavior.[37] Table 2
shows the crossover frequency and the crossover modulus. With the introduction of 0.5wt%
Figure 5. The schematic of the distorted strain field by the bud fixed on the surface of a nanotube.
D
ow
nl
oa
de
d 
by
 [U
Q 
Li
bra
ry]
 at
 17
:36
 29
 M
ay
 20
12
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Table 2
The crossover frequency and crossover modulus for PVDF and its
nanocomposites
Crossover Crossover
Sample frequency (Hz) modulus (Pa)
PVDF 0.34 2.71×104
PN0.5 0.26 2.65×104
PBN0.5 0.24 2.90×104
PBN1 0.17 2.91×104
PBN2 0.10 3.35×104
MWCNTs and MWCNTs-B, the crossover frequency decreased, consistent with the restric-
tion in molecular mobility by the introduction of the nanotubes. Compared with the smooth
MWCNTs, the introduction of the MWCNTs-B decreased the crossover frequency only
slightly more, which means that the matrix polymer chains as a whole are not much influ-
enced by the introduction of the particles on the surfaces of the MWCNTs. At the same
time, the crossover modulus had a significant increase, which means the elasticity of the
melt increased. Compared with the size of MWCNTs, the metal particles on the surfaces
of the MWCNTs are very small, so the effect of the particles on the molecular mobility
and relaxation time behavior of the whole matrix would be minor. However, the fixed
metal particles on the surfaces of the MWCNTs can distort the local strain field around the
particles and MWCNTs leading to an additional source of stored elastic energy.
Figure 6 shows the storage modulus and loss modulus of nanocomposites with different
concentrations of MWCNTs-B, and Fig. 7 shows their complex viscosity. It can be seen
that the storage modulus, loss modulus, and complex viscosity increased with increasing
concentration of MWCNTs-B, especially for PBN2, which shows a significant jump in
the magnitude of these parameters. Figure 8 shows the effect of the MWCNTs-B concen-
tration on the normal force. The normal force increased with increasing concentration of
MWCNTs-B. As expected, with increasing concentration of MWCNTs-B, there are more
fixed particles and hence stronger restrictions, which would result in greater distortion of
Figure 6. Log–log plots of dynamic moduli vs. frequency for PVDF nanocomposites with different
concentrations of MWCNTs-B: (top) storage modulus and (bottom) loss modulus.
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Figure 7. Log–log plots of complex viscosity vs. frequency for PVDF nanocomposites with different
concentrations of MWCNTs-B.
the strain field, and lead to higher enhancement of the elasticity for both the direction along
the vibration and normal directions.
Table 2 also shows that with increasing concentration of MWCNTs-B, the crossover
frequency decreased, while the crossover modulus increased, which is again consistent with
the model of the restriction of the molecular mobility and the distorted strain field around
the buds.
Figure 8. The plots of normal force vs. frequency for PVDF nanocompostes with different concen-
trations of MWCNTs-B.
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4. Conclusions
Bud-branched nanotubes were fabricated successfully by growing metal particles on the
surfaces of MWCNTs. Poly(vinylidene fluoride) nanocomposites were prepared by a so-
lution method. The results showed that the introduction of MWCNTs and MWCNTs-B
both increased the storage modulus, loss modulus, and complex viscosity, however, the
enhancement for MWCNTs-B was much larger than for MWCNTs. At the same time, the
introduction of MWCNTs-B increased the normal force, while the introduction of MWC-
NTs caused little or no variation. The crossover frequency decreased with the introduction of
MWCNTs and MWCNTs-B. With the addition of 0.5 wt% nanotubes, the crossover modu-
lus for PVDF/MWCNTs nanocomposites decreased slightly while for PVDF/MWCNTs-B,
the crossover modulus increased. The crossover modulus and normal force were also found
to increase with nanotubes content for the PVDF/MWCNTs-B nanocomposites. The rea-
son for these behaviors is suggested to be that the fixed buds on the MWCNTs distorted
the strain field around the buds and nanotubes during the oscillations, which caused an
additional source of elastic energy, and finally led to greater improvement of the elasticity,
and the increase of normal force.
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3.3.2 Toughening and reinforcement of PVDF nanocomposites with “bud-
branched” nanotubes 
3.3.2.1 Introduction  
The appearance of the buds on the surface of the nanotubes would help the stress transfer from the 
polymer matrix to the nanotubes, and ultimately affect the macro-properties. In this research, in 
particular, the particles were fixed on the surface of the nanotubes, which may affect the 
development of the micro-crack along the interface and influence the fracture toughness. The aim of 
this section is to investigate the effect of the buds on the crystalline structures and properties. 
Results showed that the bud-branched nanotubes were more efficient in improving the modulus 
compared with the virgin carbon nanotubes. This is due to the fact that the attachment of the 
particles on the surface of nanotubes can help the stress transfer from the polymer matrix to the 
nanotubes. At the same time, it was observed that for bud-branched nanotube nanocomposites, a 
significant improvement of fracture toughness was observed compared with the virgin carbon 
nanotubes nanocomposites. Chapter 3.3.2 is included as it appears in Composite Science and 
Technology, 2012, 72, 263-268.  
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Bud-branched nanotubes, fabricated by growing metal particles on the surface of multi-wall carbon
nanotubes (MWCNTs), were used to prepare poly(vinylidene ﬂuoride) (PVDF) based nanocomposites.
The results of differential scanning calorimetry (DSC) showed that the introduction of the MWCNTs
and bud-branched nanotubes both increased the crystallization temperature, while no signiﬁcant varia-
tion of Tm (melting temperature), DHc (melting enthalpy) and DHm (crystallization enthalpy) occurred.
The results of wide angle X-ray diffraction (WAXD) tests showed that a-phase was the dominated phase
for both pure PVDF and its nanocomposites, indicating the addition of the MWCNTs and bud-branched
nanotubes did not alter the crystal structures. Dynamic mechanical analysis (DMA) tests showed that
bud-branched nanotubes were much more efﬁcient in increasing storage modulus than the smooth
MWCNTs. In addition, no signiﬁcant variation of the Tg (glass transition temperature) was observed with
the addition of MWCNTs and bud-branched nanotubes. Tensile tests showed that the introduction of
MWCNTs and bud-branched nanotubes increased the modulus. However, a dramatic decrease in the frac-
ture toughness was observed for PVDF/MWCNTs nanocomposites. For PVDF/bud-branched nanotubes
nanocomposites, a signiﬁcant improvement in the fracture toughness was observed compared with
PVDF/MWCNTs nanocomposites.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
The idea of using rigid ﬁllers as a reinforcing agent is nothing
new: straw has been used to reinforce mud bricks since about
4000 BC. In more recent times, ﬁbers made from materials such
as alumina, glass, boron, silicon carbide, and especially carbon have
been used as ﬁllers in composites. Normally, these conventional
ﬁllers are typically on the meso-scale with diameters of tens of
micrometers and lengths of the order of millimeters [1–5]. Now,
more and more attentions have been focused on nanoﬁllers, espe-
cially since reports by Toyota researchers revealed that the intro-
duction of mica to nylon produced a ﬁvefold increase in the yield
and tensile strength of the material [6,7], and the discovery of car-
bon nanotubes (CNTs) by Iijima [8]. With the reduction of the ﬁller
size down to nano-scale, better physical properties of the ﬁllers
have been achieved. For example, the research has shown that
the Young’s modulus for CNTs is superior to all carbon ﬁbers with
a value greater than 1 TPa [9], and the highest strength measured is
63 GPa [10]. Even the weakest type of CNTs have strengths ofll rights reserved.
: +61 7 3365 4799.several GPa [11]. As well as the excellent physical properties, the
reduction of the ﬁller size down to nano-scale can lead to large
polymer/particle interfacial area. For example, clays with a thick-
ness 0.94 nm and lateral dimensions from several hundreds of
nanometers to microns, depending on the type of layered silicates,
provide a large surface area of 750 m2/g that can interact with the
matrix [12]. The nano-level dispersion of those ﬁllers in a polymer
matrix and huge polymer/particle interfacial areas provide an
opportunity for ﬁne tuning their surface properties, and hence a
prospect for tailoring various required properties for different
end applications [12].
There are four main requirements for effective reinforcement.
These are large aspect ratio, good dispersion, alignment and inter-
facial stress transfer. In all, the key point for the efﬁcient reinforce-
ment is that the external stresses applied to the composite as a
whole are efﬁciently transferred to the nanoﬁllers, allowing them
to take a disproportionate share of the load [2]. Consequently,
ﬁne-tuning of the surface becomes a key factor to achieve good
mechanical performance. Considerable work has been done on this
aspect. For example, for layered silicates, organic modiﬁcation can
be achieved by ion exchange reactions, which allows not only bet-
ter dispersion of the clay layers in a polymer matrix but also the
264 X.-G. Tang et al. / Composites Science and Technology 72 (2012) 263–268possibility of tailored interfaces with the polymer [12,13]. For car-
bon nanotubes, the organic modiﬁcation is also a hot topic [14–18].
Most work in this area has focused on the chemical treatment of
the surface but few researchers have considered the modiﬁcation
of the interface by the control of the ﬁller morphology. It is well-
known that interfacial morphology has signiﬁcant effect on the
ﬁnal properties. For example, Wang et al. [19] chemically modiﬁed
the surface of multi-wall carbon nanotubes with a b-nucleating
agent for polypropylene (PP), calcium pimelate. The composites
of isotactic polypropylene with multi-wall carbon nanotube with
the supported b-nucleating agent exhibited excellent impact
toughness compared with pure isotactic polypropylene and
b-nucleated isotactic polypropylene. Shen et al. [20,21] reported
that a combination of the higher degree of crystal orientation
and the formation of web-like shish kebab structures resulted in
great increases in stiffness and toughness simultaneous. This result
overcomes the traditional limitation that stiffness and toughness
cannot be greatly enhanced simultaneously. At the same time, a
nanohybrid shish–kebabs (NHSK) structure has been formed,
which shows high potential in a variety of possible applications
[22–24]. Therefore, the design and control of the interfacial
morphology of nanocomposites is an interesting topic worthy of
further research.
In this article, ‘‘bud-branched’’ nanotubes have been fabricated.
The appearance of the buds on the surface of the nanotubes would
help the stress transfer from the polymer matrix to the nanotubes,
and ultimately affect the macro-properties. Especially here the par-
ticles were ﬁxed on the surface of nanotubes, which may affect the
development of the micro-cracks along the interface, and inﬂuence
the fracture toughness. In this research, our attention predomi-
nantly focused on the effect of the morphology of the nanotubes.
To avoid strong interaction between polymer chains and nano-
tubes, a non-polar polymer, PVDF was chosen as the matrix.2. Experimental section
2.1. Materials
PVDF (Kynar 741, powder) was kindly supplied free-of-charge
by Arkema (Australia, New Zealand). The multi-wall carbon nano-
tubes (MWCNTs) with diameter of 10–30 nm (mainly around
20 nm) were purchased from Tsinghua University, China. Analyti-
cal grade N-methyl-2-pyrrolidone (NMP) purchased from Aldrich
was used as solvent. The nitric acid (HNO3, 68%) was purchased
from the Sigma Aldrich Co. Ruthenium trichloride (analytical
grade) was obtained from Sigma–Aldrich. Those chemicals were
used as received.Table 1
Samples codiﬁcation.
Sample Composition
PVDF PVDF (100 wt.%)
PN0.5 PVDF (100 wt.%) + MWCNTs (0.5 wt.%)
PBN0.5 PVDF (100 wt.%) + MWCNTs-B (0.5 wt.%)
PBN1 PVDF (100 wt.%) + MWCNTs-B (1 wt.%)
PBN2 PVDF (100 wt.%) + MWCNTs-B (2 wt.%)
PN2 PVDF (100 wt.%) + MWCNTs (2 wt.%)2.2. The fabrication of bud-branched nanotubes
Bud-branched nanotubes were prepared by a wet impregnation
method using an acetone solution of ruthenium trichloride. The
MWCNTs were puriﬁed by 5 mol nitric acid for 2 h at 25 C to re-
move amorphous carbon and residual Fe catalyst before metal
loading. The loading contents of the metal particles on puriﬁed
MWCNTs were ﬁxed at 10 wt.%, and dried at 40 C to nearly dry
and then at 100 C for 2 h. Subsequently the sample was heated
in Ar to 450 C at a heating rate of 3 C/min, and held at that tem-
perature for 1 h, which resulted in decomposition of ruthenium tri-
chloride to ruthenium oxide. Reduction of the oxide to the metal
was then carried out via H2 at 450 C for 2 h. The samples were la-
beled as MWCNTs-B. The amount of Ru was calculated by the
chemical reaction formula of RuCl3  Ru. According to the amount
of Ru, how much of the Ruthenium trichloride needed can be
calculated.2.3. Preparation of the nanocomposites
The procedure for the fabrication of nanocomposites was as
follows: (1) MWCNTs or MWCNTs-B were dispersed in solvent
NMP with strong mechanical stirring and ultrasonic treatment
(60 kHz, 1.5 h). At the same time, the polymer, PVDF, was dissolved
inNMP to formPVDF solution (the ratio of PVDF and solventwas 1:5
byweight); (2) theMWCNTsorMWCNTs-Bdispersion and the PVDF
solution were mixed together with strong mechanical stirring and
ultrasonic treatment (1.5 h); (3) themixed solutionwaspouredonto
a glass plate, and then compressed with another glass plate; (4) the
glass plates were placed into deionized water (the antisolvent to
NMP), which caused the ﬁlm to solidify in 3–5 min. The wet ﬁlms
were then dried in a vacuum oven for 72 h at 80 C (to remove any
remnant of the solvent). The dried nanocomposites ﬁlms were then
compression molded using matched metal die in a hot press at
200 C and 5.0 MPa pressure. The compression molded nanocom-
posite sheets had a thickness of about 0.5 mmandwere cut into test
samples for subsequently characterization.
As summarized in Table 1, various blend formulations were pre-
pared and analyzed. The weight of 10 wt.% metal particles attached
on the surface of MWCNTs was deducted from the mass of the
MWCNT’s when calculating the percentage of the MWCNTs-B
added to the polymer.2.4. Characterization
Transmission electron microscopy (TEM) images of the pre-
pared nanocomposites were obtained on a JEOL 1010A high-reso-
lution transmission electron microscope operated at 100 kV. A
Reichert-Jung Ultracut-E microtome was utilized to cut thin sec-
tions out of nanocomposites sheets with thickness of 50  70 nm
for TEM characterization.
DSC tests were conducted by means of a TA Q20 differential
scanning calorimeter. In the tests, samples of about 5 mg were
heated to 200 C at a rate of 10 C/min under a nitrogen atmo-
sphere and held at 200 C for 5 min to eliminate the thermal his-
tory. Afterward, the samples were cooled to 20 C at a rate of
20 C/min, held about 3 min at 20 C, and then heated again to
200 C at a heating rate of 10 C/min. The temperature and heat
ﬂow scales were calibrated using the melting of high-purity in-
dium and zinc samples before testing.
The wide angle X-ray diffraction (WAXD) of PVDF and its nano-
composites were obtained with a Bruker Advanced X-ray Diffrac-
tometer (40 kV, 30 mA) with Cu Ka (k = 0.15406 nm) radiation at
a scanning rate of 2/min from 10 to 35.
The DMA (tension deformation) was carried out using a TA
Instruments Q800 DMA. All the samples (30  4 mm) were mea-
sured over a temperature range of 100 C to 150 C at a heating
rate of 3 C/min and a frequency of 1 Hz.
The mechanical properties of all materials were measured on an
Instron 5584 universal testing machine with a 100 N load cell at a
crosshead velocity of 5 mm/min until failure. Dumbbells were
punched out of the nanocomposites sheets according to ATSM
X.-G. Tang et al. / Composites Science and Technology 72 (2012) 263–268 265D-638 (the width was nominally 2.5 mm, video gauge was about
10 mm, and thickness was about 0.5 mm). All the tests were
according to ATSM D-638.
3. Results and discussion
3.1. Morphological characterization
Typical TEM images of the single MWCNTs-B and PVDF/
MWCNTs-B nanocomposites with 2 wt.% MWCNTs-B are shown
in Fig. 1. It was observed that there were numerous black spots
on the surface of the MWCNTs, which were metal particles. The
diameter of the particles varied from several nanometers to
10 nanometers. Thus, it can be safely claimed that the bud-
branched nanotubes were fabricated successfully. The reason
why Ru (ruthenium) sticks on the surface of MWCNTs is because
transition metals are known to interact with graphite through
hybridization of their d orbitals with carbon pz orbitals. The defor-
mation of sp2 hybridization in the graphene walls causes p electron
density to shift from the concave surface to the convex surface
[25]. For the dispersion of the nanotubes in the nanocomposites,
it can be seen that for the 2 wt.% MWCNTs-B nanocomposites,
the MWCNTs-B was well separated from one another and individ-
ually dispersed in the continuous polymer matrix, which means
that in this research, even for the highest concentration (2 wt.%
nanotubes), well-dispersed nanocomposites were fabricated
through the ultrasonic treatment and mechanical stirring.120 130 140 150 160 170 180 190
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Fig. 2. Non-isothermal DSC heating scans of PVDF and its nano
Fig. 1. TEM image of single MWCNTs-B (left), and PVD3.2. Crystal structure
Some research shows that MWCNTs can act as a nucleating
agents during the crystallization process of semi-crystalline poly-
mers such as polypropylene (PP) [26,27], polyethylene (PE) [28],
and poly(ethylene terephthalate) (PET) [29]. As a result, the rate
of crystallization of the polymer increases, and in most cases the
melting temperature also increases.
Figs. 2 and 3 show the melting and crystallization curves for
PVDF and its nanocomposites. DSC results of the pure PVDF and
its nanocomposites are summarized in Table 2. It can be seen that
the addition of both MWCNTs and MWCNTs-B increased the crys-
tallization temperature. Another change is the appearance of mul-
ti-melting behavior, which has been investigated extensively and a
number of possibilities to explain this phenomenon have been pro-
posed as follows: (1) the presence of more than one crystal form
(polymorphism); (2) the presence of different morphologies
(lamellar thickness, distribution, perfection or stability); (3) the
presence of melting, recrystallization and remelting processes dur-
ing the DSC heating; and so on [30,31].
To further characterize the crystal structure, the WAXD was
employed, and the result is shown in Fig. 4. It can be seen that
the a-phase peaks of pure PVDF were observed at 2h  17.5,
18.2 and 19.7 corresponding to the (100), (020) and (110)
planes and d-spacings of 5.06, 4.86 and 4.50 Å, respectively. With
the addition of the MWCNTs and ‘‘bud-branched’’ nanotubes, the
shape of the curves remain the same and no new phase can be120 130 140 150 160 170 180 190
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the nanocomposite. This result showed that the addition of
MWCNTs and ‘‘bud-branched’’ nanotubes did not alter the crystal
structures.
Based on the DSC and WAXD results, it can be seen that the
thermal history played an important role for the multi-melting
behavior, which can be supported by signiﬁcant difference of the
melting curve between the ﬁrst and the second round too. So it
is possible that the addition of nanotubes induced different mor-
phologies (lamellar thickness, distribution, perfection or stability),
which are very sensitive to the thermal history. Even though the
shape of the DSC curve changed, no signiﬁcant variation in Tm
(melting temperature), DHc (melting enthalpy), DHm (crystalliza-
tion enthalpy), and no new phase occurred.3.3. Dynamic mechanical behavior
Dynamic mechanical analysis (DMA) measures the response of
a material to a cyclic deformation (usually tension or three-point
bending deformation) as a function of temperature. The storage
modulus (G0), loss modulus (G00) and loss tangent (tand = G00/G0)
are measured. G0 is a measure of the energy stored elastically
whereas G00 is a measure of the energy lost as heat. Tand is also
called damping and it indicates how efﬁciently the material loses
energy to molecular rearrangements and internal friction.
Fig. 5 shows the DMA results of PVDF and its nanocomposites. It
was observed that the introduction of MWCNTs did not affect the
storage modulus signiﬁcantly. However, the introduction of
MWCNTs-B enhanced the storage modulus signiﬁcantly, especially
below Tg, which means that MWCNTs-B reinforces the matrix PVDF
better than MWCNTs. This is considered to be due to the fact that
the metal particles are ﬁxed on the surface of the nanotubes, which
wouldmake the stress transfer easier from thematrix to nanotubes,Table 2
DSC parameters of PVDF and its nanocomposites.
Sample DHm (J/g) Tm (C)
1st Heating 2nd Heating 1st He
PVDF 42.20 44.87 167.29
PN0.5 44.50 44.81 166.37
PBN0.5 42.46 44.92 167.34
PBN1 42.53 44.90 167.41
PBN2 40.79 43.36 167.66
PN2 41.04 42.86 166.92and lead to better reinforcement. However, when the temperature
is over Tg, the reinforcement was not signiﬁcant. The tand curves of
PVDF and its nanocomposites showed a broad peak near 30 C,
which corresponds to the Tg of PVDF. No signiﬁcant variation in
the Tg was observed by the addition of MWCNTs and MWCNTs-B,
which suggests no signiﬁcant variation of themobility of PVDFmol-
ecule chains.3.4. Mechanical properties
Tensile measurements were carried out in order to determine
the mechanical properties of the PVDF nanocomposites. Typical
stress–strain curves at a testing speed of 5 mm/min for PVDF and
its nanocomposites are shown in Fig. 6, and the mechanical proper-
ties calculated from the stress–strain curves are shown in Table 3.
In general, the addition of rigid particles to polymers improves
their stiffness and strength, but the variation of toughness is rather
complicated. In the majority of studies, dramatic drops in fracture
toughness compared to their corresponding pristine polymers are
often noted [32]. In this work, it was observed that with the intro-
duction of MWCNTs, the Young’s modulus increased, while the
elongation at break decreased dramatically. However, with the
introduction of MWCNTs-B, a dramatic improvement in the elonga-
tion at break occurred compared with the smooth MWCNTs (about
six times) for the loading of 0.5 wt.%. When the loading of nano-
tubes is 2 wt.%, the increase of the Young’s modulus and elongation
was observed at the same time for the MWCNTs-B compared with
the smooth MWCNTs. The previous results showed that no signiﬁ-
cant variation of the crystallinity andmobility of the PVDFmolecule
chains occurred. It is considered that the improvement of the
toughness is due to the metal particles attached on the nanotubes
surface, which could resist the expansion of the micro-cracks. In
this research, the matrix, PVDF, is a non-polar polymer, and theDHc (J/g) Tc (C)
ating 2nd Heating
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Table 3
Mechanical properties from tensile testing for PVDF and its nanocomposites.
Sample Young’s modulus
(GPa)
Tensile strength
(MPa)
Elongation at break
(%)
PVDF 1.97(0.04) 49.3(0.5) 254.3(121.2)
PN0.5 2.27(0.09) 49.7(0.8) 27.2(5.9)
PBN0.5 2.30(0.15) 50.0(0.4) 181(84)
PBN1 2.28(0.06) 49.5(0.8) 147(50.8)
PBN2 2.80(0.1) 49.8(0.4) 71.6(49.5)
PN2 2.27(0.13) 50.2(0.6) 30.7(10)
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the PVDF and nanotubes should be poor. During the deformation,
the micro-cracks or de-bond would occur ﬁrst at the interface be-
tween PVDF and nanotubes. Normally, the second phase particles
located in the near tip ﬁeld of a propagating crack will perturb
the front, and lead to a reduction in the stress intensity. The reduc-
tion of the stress intensity depends on the characteristics of the par-
ticles and the nature of the crack interaction. Two dominant
perturbations exist, which are termed crack bowing and crack
deﬂection. Crack bowing results from the resistance of the second
phase particles in the path of a propagating crack. Deﬂection tough-
ening originates from the interaction between the crack front and
the minor phase, which produces a non-planar crack, and results
in a stress intensity lower than that experienced by the correspond-
ing planar crack [33,34]. In this research, the matrix PVDF has highductility, which can be conﬁrmed by the high elongation at break,
so the poor interface between the polymer matrix and nanotubes
becomes the weak point during extension, and the micro-cracks
would occur ﬁrst at the interface. When the micro-cracks occur,
for the smooth MWCNTs, there is no restriction for the propagation
of the micro-cracks, so those micro-cracks are very easy to develop
into cracks, then voids and ﬁnally fracture occurs. However, for the
MWCNTs-B, the situation would be different due to the ﬁxed metal
particles on the surface of the nanotubes. The metal particles are
just in the way of themicro-cracks propagation, acting like nails an-
chored on the surface of the carbon nanotubes, which would per-
turb the micro-crack propagation. This anchoring effect can
effectively enhance entanglement between the macromolecular
chains with the nodules, and hence with the nanotubes and will
cause a reduction in the stress intensity and improving the fracture
toughness.
Fig. 7 shows a schematic of the initiation and propagation of the
micro-crack for PVDF/MWCNTs and PVDF/MWCNTs-B nanocom-
posites. The normal state of the MWCNTs is bent, which can be con-
ﬁrmed by the TEM image in Fig. 1. During the extension, micro-
cracks would occur ﬁrst at the interface between the polymer ma-
trix and nanotubes, which would be almost the same to the
MWCNTs and MWCNTs-B. With time, the micro-cracks will propa-
gate. For smooth MWCNTs, the propagating direction would be
along the nanotubes ﬁrst, but with the size of the micro-cracks
increasing, the micro-cracks would prefer to propagate perpendic-
ular to the principle stress direction. For bent nanotubes, this would
cause voids to form and ﬁnal fracture to occur. ForMWCNTs-B, with
the propagation of themicro-cracks, the tip of themicro-cracks will
meet metal particles, which will perturb the front, causing the
reduction in the stress intensity, delay the formation of obvious
cracks, and ﬁnal evolve into big voids. At the same time, the
MWCNTs-B would become straight and align along the extension
direction. After reaching that stage, the propagation of the micro-
cracks would be restricted along the extension direction until the
break of the PVDF ligaments between the MWCNTs-B. Then, bigger
voids will appear, and ﬁnally breakwill occur. At the same time, mi-
cro-cracks bridging also contribute to the toughness. When a mi-
cro-crack runs perpendicular to a nanotube, the nanotubes would
extend across the micro-crack faces. Without the buds, the nano-
tubes can be pulled out easily. With attached buds there, the nano-
tubes would not be pulled out easily which would reduce the stress
intensity factor at the micro-crack tip.
Normally, the cost for the reinforcement by rigid ﬁllers is a de-
crease in the toughness. But the results of this work show a way to
avoid this problem, that is, by the control of the ﬁller morphology.
As shown in this research, ﬁxing metal particles on the surface of
Fig. 7. A schematic illustration of the initiation and propagation of the micro-cracks for PVDF/MWCNTs (top) and PVDF/MWCNTs-B (bottom) nanocomposites.
268 X.-G. Tang et al. / Composites Science and Technology 72 (2012) 263–268the nanotubes can help control the propagation of micro-cracks,
and ﬁnally improve the fracture toughness signiﬁcantly.4. Conclusion
The bud-branched nanotubes were fabricated successfully by
growing the metal particles on the surface of MWCNTs and the
nanocomposites were prepared by a solution method. The results
of DSC showed that the addition of both the MWCNTs and
MWCNTs-B increased the crystallization temperature, while no
signiﬁcant variation of Tm, DHc and DHm were observed. DMA tests
showed that MWCNTs-B were much more efﬁcient at increasing
the storage modulus compared with the smooth MWCNTs. The
appearance of the particles on the surface of nanotubes beneﬁts
the stress transfer from the polymer matrix to the nanotubes. Ten-
sile tests showed that the addition of MWCNTs and MWCNTs-B in-
creased the modulus. However, a dramatic decrease of the fracture
toughness was observed for MWCNTs. For MWCNTs-B, a signiﬁ-
cant improvement of the fracture toughness was observed com-
pared with the smooth MWCNTs. The signiﬁcant improvement of
the fracture toughness is most likely due to the ﬁxed particles on
the surface of the nanotubes, which can perturb the propagation
of the micro-crack, thus causing a reduction in the stress intensity
and improving the fracture toughness.
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3.3.3 The creep behaviour of PVDF nanocomposites with carbon nanotubes and 
bud-branched nanotubes 
3.3.3.1 Introduction  
The aim of this section is to investigate the creep behaviour of PVDF and its nanocomposites with 
carbon nanotubes. As suggested in section 4.2.2, bud-branched nanotubes are more efficient in 
improving modulus, which made research into the creep behaviour of PVDF nanocomposites with 
bud-branched nanotubes an interesting focus of this research. At the same time, the Burgers’s’ 
model and the Findley power law were employed to model creep behaviour, and both were found to 
agree quite well with the experimental data. The results demonstrated that the creep resistance of 
PVDF was significantly improved by the addition of carbon nanotubes. The PVDF with 5 wt% bud-
branched nanotubes showed better creep resistance than PVDF with 5 wt% virgin carbon nanotubes 
at low temperatures and low stress levels. However, at high temperatures and stress levels, PVDF 
with 5 wt% virgin carbon nanotubes exhibited better creep resistance. This is due to the local 
disorder caused by the decoration of the metal particles on the CNTs, which formed an interfacial 
region around the carbon nanotubes which was less rigid compared with the carbon nanotubes 
without metal particles decoration. This interfacial region is stress-temperature dependent. Both the 
Burgers’ model and the Findley power law showed good agreement with the experimental results, 
which showed the potential to predict long-term creep performance of these materials. Section 3.3.3 
is included as it appears in Composite Science and Technology, 2012, 72, 1656-1664. In addition, 
Eyring-rate modelling is presented in the supplement. 
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E-mail address: m.hou@uq.edu.au (M. Hou).The creep behaviour of poly(vinylidene ﬂuoride) (PVDF)/multiwall carbon nanotubes nanocomposites
has been studied at different stress levels and temperatures. To ﬁne-tune the ability to transfer stress
frommatrix to carbon nanotubes, bud-branched nanotubes, were fabricated. The PVDF showed improved
creep resistance with the addition of carbon nanotubes. However, bud-branched nanotubes showed a
modiﬁed stress–temperature-dependent creep resistance compared with carbon nanotubes. At low stress
levels and low temperatures, bud-branched nanotubes showed better improvement of the creep resis-
tance than that of virgin carbon nanotubes, while at high stress levels and high temperatures, the virgin
carbon nanotubes presented better creep resistance than that of bud-branched nanotubes. DSC, WAXD,
and FTIR were employed to characterise the crystalline structures and dynamic mechanical properties
were characterised by DMA testing. The Burgers’ model and the Findley power law were employed to
model the creep behaviour, and both were found well describe the creep behaviour of PVDF and its nano-
composites. The relationship between the structures and properties was analysed based on the parame-
ters of the modelling. The improved creep resistance for PVDF by the addition of nanotubes would beneﬁt
its application in thermoset composite welding technology.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Poly(vinylidene ﬂuoride) (PVDF), a semi-crystalline polymer
with a range of interesting properties, shows potential to be used
in a variety of technological applications. Our previous research
showed that PVDF can be utilised in the thermoset composite
welding (TCW) technology [1]. However, due to its thermoplastic
nature, creep resistance of PVDF is a major concern for its applica-
tion in TCW technology. Therefore, studies of the creep behaviour
and the improvement of the creep resistance for PVDF are neces-
sary for its application in TCW technology.
A lot of research has shown that the introduction of nanoﬁllers
into polymers to form composite materials is an effective approach
to improving the creep resistance of polymers [2–11]. Among the
different types of nanoﬁllers, carbon nanotubes (CNTs) have re-
ceived special attention due to the exotic physical properties and
high aspect ratio. So in this research, carbon nanotubes were cho-
sen as the ﬁllers to improve the creep resistance of PVDF.
For polymer/CNTs nanocomposites, the efﬁciency of load trans-
fer between nanotubes and polymer chains is a critical factor in
determining the mechanical performance of the composites.ll rights reserved.Therefore, it is believed that the load transfer may be a key factor
in achieving excellent creep resistance in nanocomposites [2].
There are three main possible mechanisms of load transfer from
the matrix to reinforcement. The ﬁrst is the weak van der Waals
bonding between the reinforcement and the matrix, which is the
main load transfer mechanism for CNT/polymer composites [12].
The interfacial energies normally amount to 50–350 mJ/m2
[12,13]. The second is chemical bonding between CNTs and matrix.
The third is micromechanical interlocking, which can be marginal
in CNT/polymer composites if the CNTs have atomically smooth
surface [12]. The decoration of metal particles on the surface of
CNTs showed a promising way to form micromechanical interlock-
ing, and improve the stress transfer, and ﬁnally improve the perfor-
mance [14,15]. In this work, to ﬁne-tune the stress transfer from
the carbon nanotubes to matrix, bud-branched carbon nanotubes,
the decoration of metal particles on the surface of carbon nano-
tubes, are used. Our previous research showed that the decoration
of metal particles on the surface of carbon nanotubes could im-
prove the stress transfer from PVDF matrix to carbon nanotubes,
which showed higher Young’s modulus and storage modulus than
that of their peer virgin carbon nanotubes [16]. This may indicate
that improved creep resistance could be expected. Therefore,
this research also focused on the effect of surface control for the car-
bon nanotubes on the creep behaviour of PVDF/carbon nanotubes
X.-G. Tang et al. / Composites Science and Technology 72 (2012) 1656–1664 1657nanocomposites. In addition, two well-knownmodels: the Burgers’
(or four-parameter) model and the Findley power law were used to
model and predict the creep behaviour of PVDF nanocomposites [7].Fig. 1. Schematic diagram of Burgers’ model.2. Experimental
2.1. Materials
PVDF (Kynar 741, powder) was kindly supplied free-of-charge
by Arkema (Australia, New Zealand). The multi-wall carbon nano-
tubes (MWCNTs) with the diameter of 10–30 nm (mainly around
20 nm) were purchased from Tsinghua University, China. Analyti-
cal grade N-methyl-2-pyrrolidone (NMP), nitric acid (HNO3, 68%),
and Ruthenium trichloride (analytical grade) was purchased from
Sigma–Aldrich.
2.2. The fabrication of bud-branched nanotubes
Bud-branched nanotubes were prepared by a wet impregnation
method using an acetone solution of RuCl3 [17]. The MWCNTs were
puriﬁed in 5 mol/L nitric acid for 2 h at 25 C to remove amorphous
carbon and residual Fe catalyst before using. The puriﬁed MWCNTs
were mixed with RuCl3 in acetone solution. The obtained mixtures
of MWCNTs and RuCl3 in acetone were dried at 40 C to nearly dry
and then further dried at 100 C for 2 h. Subsequently the treated
MWCNTs were heated in Ar to 450 C at a heating rate of 3 C/
min, and held at that temperature for 1 h. In this process, RuCl3
with combined water decomposed into RuO2. Reduction of the
oxide to the metal was then carried out via H2 at 450 C for 2 h.
The sample was labelled as MWCNTs-B. The desired amount of
Ru (10 wt%) was calculated based on the chemical reaction
formula.
2.3. Preparation of the nanocomposites
The procedure for the fabrication of PVDF nanocomposites was
as follows: (1) MWCNTs (5 wt%) or MWCNTs-B (5.5 wt% to guaran-
tee the same amount of carbon nanotubes) were dispersed in sol-
vent NMP with strong mechanical stirring and ultrasonic
treatment (60 kHz, 1.5 h) alternately. At the same time, the poly-
mer, PVDF, was dissolved in NMP to form a PVDF solution (the ratio
of PVDF and solvent was 1:5 by weight); (2) The MWCNTs or
MWCNTs-B suspension and the PVDF solution were mixed to-
gether with alternate strong mechanical stirring and ultrasonic
treatment; (3) The mixed suspension was poured onto a glass
plate, and then covered with another glass plate, which were
placed into deionized water (the antisolvent to NMP). This caused
the ﬁlm to solidify within 3–5 min. The wet ﬁlms were then dried
in a vacuum oven for 72 h at 80 C (to remove any remnant of the
solvent). The dried nanocomposites ﬁlms were then compression
moulded in a hot press at 200 C and 5.0 MPa pressure with the
heating and cooling ramp of 15 C/min, and the press time of com-
pression moulding is 8 min (the time of heating and cooling ramp
not included). The ﬁnal thickness of compression PVDF and its
nanocomposites is about 0.5 mm. PVDF nanocomposites were de-
noted as PCN5 (5 wt% MWCNTs) and PCNB5 (5.5 wt% MWCNTs-
B), respectively.
2.4. Characterisation
The TEM images were observed by using a Philips Tecnai F20
TEM equipped with ﬁeld emission gun (FEG) at 200 kV.
DSC tests were conducted by means of a TA Q20. Samples were
heated to 200 C at a rate of 10 C/min under a nitrogen atmo-
sphere and held at 200 C for 5 min to eliminate the thermalhistory. Afterward, the samples were cooled to 20 C at a rate of
20 C/min, held at 20 C for about 3 min, and then heated again
to 200 C at a heating rate of 10 C/min.
The Wide Angle X-Ray diffraction (WAXD) of PVDF and its
nanocomposites was obtained using a Bruker Advanced X-Ray Dif-
fractometer (40 kV, 30 mA) with Cu Ka (k = 0.15406 nm) radiation
at a scanning rate of 2/min from 10 to 35.
ATR FT-IR spectrum was obtained using a Nicolet 5700 ART
spectrometer with an average of 200 scans in the range 400–
2000 cm1 to obtain the crystal structure for PVDF and its
nanocomposites.
The DMA (tension deformation) test was carried out using a TA
Instruments Q800DMA over a temperature range of 100 C to
150 C at a heating rate of 3 C/min and a frequency of 1 Hz. The
dimensions of specimens are 30  4  0.5 mm.
The tensile creep behaviour was tested using an Instron 5584
universal testing machine with a 100 N load cell according to ASTM
D 2990-01. The standard bone-shaped specimen was punched
from the cutter. The size of specimen was 10  2.5  0.5 mm
(gauge length width  thickness). The cut samples were placed
at room temperature for 24 h to let them fully relax after the cut-
ting. And 20 min were given for temperature stabilization at the
temperature control chamber before the creep test.3. Creep models
Modelling and analysis of creep behaviours are important from
the fundamental and application driven perspective [18]. Various
constitutive models have been proposed in order to evaluate the
creep behaviour of materials and predict the long-term deforma-
tion based on short-term experimental data. Among those models,
the most well-known are the Burgers’ (or four-parameter) model
[19] and the Findley power law [20].
3.1. Burgers’ model
The Burgers’ model is a series combination of Maxwell and Kel-
vin units, as illustrated in Fig. 1. The total strain e at time t is a sum
of the strains in these elements, and is given by the general
equation:
e ¼ em1 þ em2 þ ek ð1Þ
where the e, em1, em2 and ek are the total strain, the strain in the
Maxwell spring, Maxwell dashpot, and Kelvin unit, respectively.
Based on the constitutive relations of the elements and the initial
conditions at t = 0, the creep behaviour of the Burgers’ model can
be ﬁnally presented as [19]:
eðr; tÞ ¼ r
Em
þ r
Ek
ð1 et=TÞ þ r
gm
t; T ¼ gk
Ek
ð2Þ
where Em, gm are the elastic modulus and viscosity of the compo-
nents of the Maxwell model; Ek, gk are the elastic modulus and
the viscosity of the components of the Kelvin model; r is the ap-
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produce 63.21% (or 1  1/e) of its total deformation.By differentiat-
ing Eq. (2), the creep rate can be given by
_eðr; tÞ ¼ r
gm
þ r
gk
et=T ð3Þ
After a sufﬁciently long time, the creep rate will asymptotically
reach a constant value in the stable creep state
_eðr;1Þ ¼ r
gm
ð4Þ
The Burgers’ model, which includes the essential elements, can
be applied satisfactorily to model the practical behaviours of vis-
coelatic materials, and the variation of the modelling parameters
will constitutively show the effect of nanotubes, and provide effec-
tive information about the structure–property relations and creep
deformation mechanisms of materials.
3.2. Findley power law
For many polymers, the creep curves are similar to those of
some metals, so several empirical mathematical models were
introduced to represent the creep data of polymers. Among
them, Findley et al. [20] put forward an empirical model called
the Findley power law, which was expressed as
eðr; tÞ ¼ e0 þ eF tn ð5Þ
where e0 is the time-independent stain; eF is the coefﬁcients of
time-dependent terms; n is a constant independent of stress and
its value is generally less than one.Fig. 2. TEM images of single MWCNTs-B (a), and its nanocomThe Findley power law has been widely applied to describe the
stress–strain–time relationship for viscoelastic materials, and is
more effective in predicting the creep behaviour of materials with-
out a signiﬁcant transition from unstable to stable creep and with
the creep rate at a sufﬁciently long time scale asymptotically
approaching zero [7].
4. Results and discussion
4.1. TEM
Fig. 2 shows the typical TEM images of theMWCNTs-B and PVDF
nanocomposites with 5 wt% MWCNTs and 5.5 wt%MWCNTs-B. It
can be seen that bud-like particles had grown successfully on the
surface of the MWCNTs (Fig. 2a) and the size of the particles was in
the order of several nanometres as indicated by the arrow. For the
nanocomposites of PVDF with 5 wt% MWCNTs (Fig. 2b), MWCNTs
were characterised by the presence of loosely packed collections of
MWCNTs within the PVDF matrix. Even the MWCNTs were not dis-
tributed evenly in PVDF matrix, it can still be observed that each
MWCNTwas separatedwell, and several nanometres of interparticle
distance were achieved. The widened space between the individual
nanotubeswas inﬁltrated by the polymermatrix, which could guar-
antee that nanotubewas wrapped by PVDFmatrix individually, and
indicated that a good dispersion was achieved through the ultra-
sonic treatment and mechanical stirring. For the nanocomposites
of PVDF with 5.5%MWCNTs-B (Fig. 2c), the MWCNTs-B presented
similar dispersion to the MWCNTs. Our previous research showed
that the qualitative features (shapes) of the viscoelastic behaviour
were similar for PVDF with MWCNTs and PVDF with MWCNTs-B,posites with 5 wt% MWCNT (b) 5.5 wt%MWCNTs-B (c).
Fig. 3. Non-isothermal DSC scans of PVDF and its nanocomposites: left is the ﬁrst heating curve, right is the second heating curve.
Fig. 4. DSC crystallization curves for PVDF and its nanocomposites.
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that thedispersionof carbonnanotubeswouldaffect the viscoelastic
behaviour signiﬁcantly. Therefore, the viscoelatic behaviour for
PVDF with MWCNTs andMWCNTs-B also supported the conclusion
that the dispersion ofMWCNTs andMWCNTs-B in PVDFwas similar
[21].
4.2. Crystalline structure
Typical DSC heating and cooling curves are plotted in Figs. 3 and
4, and the corresponding data are summarised in Table 1, in which
the enthalpy has been normalised according to the net weight of
PVDF matrix in the nanocomposites. It was observed that the
DHm and DHc were decreased and the crystallization temperatureTable 1
DSC parameters of PVDF and its nanocomposites (normalised).
Sample DHm (J/g) Tm (C) DHc
(J/g)
Tc (C)
1st
Heating
2nd
Heating
1st
Heating
2nd
Heating
PVDF 49.10 48.32 168.04 168.10 46.87 133.69
PCN5 44.47 44.95 166.81 167.05 43.56 139.21
PCNB5 43.75 44.03 167.37 166.87 42.74 138.94(Tc) was increased with the addition of 5 wt% MWCNTs. The in-
crease of the crystallization temperature is due to the nucleating
effect of MWCNTs during the crystallization process [22]. The de-
crease of the crystallinity is likely due to the fact that the addition
of MWCNTs hindered the mobility of the PVDF molecular chains,
which made the PVDF molecular chains more difﬁcult to arrange
themselves into crystals [23–26]. The attachment of the metal par-
ticles on the surface of MWCNTs resulted in a little decrease for
DHm, DHc, and Tc compared with the virgin MWCNTs [16].
The DSC trace of the unﬁlled PVDF appeared to show a double
melting event and this was absent in both nanocomposites. This
may be evidence of different crystal structures in the PVDF since
it is known to have different polymorphs or alternatively, it may
be an artefact of the DSC method due to annealing during the heat-
ing cycle. To further characterise the crystalline structure, WAXD
and FTIR tests are conducted and the results were shown in
Fig. 5. In WAXD patterns, the peaks of the a-phase for pure PVDF
were observed at 2h  17.5, 18.2 and 19.7 corresponding to
the (100), (020) and (110) planes and the d-spacings of 5.06,
4.86 and 4.50 Å, respectively. With the addition of the MWCNTs
and ‘‘bud-branched’’ nanotubes, the shape of the curves remained
the same and no new phase was observed, indicating that a-phase
was still the dominant phase in the nanocomposites. Sherrer equa-
tion was employed to calculate the size of the crystallites and the
lamellar thickness, and no signiﬁcant change was observed. The
FTIR results also showed that the absorption bands of a-phase
PVDF at 974, 795 and 764 cm1 could be clearly observed in pure
PVDF as well as in its composites with MWCNTs and ‘‘bud-
branched’’ nanotubes.
Based on the DSC, WAXD, and FTIR results, it can be concluded
that the addition of MWCNTs and MWCNTs-B did not induce new
crystalline phases, but may induce different morphologies (lamel-
lar thickness, distribution, perfection), which resulted in the minor
changes of crystallinity, crystallization temperature and melting
behaviour.4.3. Dynamic mechanical behaviour
Fig. 6 shows the storage modulus and loss modulus of PVDF and
its nanocomposites obtained from DMA tests. It was observed that
in the low temperature region (below 40 C), the introduction of
5 wt% MWCNTs did not result in a signiﬁcant increase in the stor-
age modulus but the bud-branched nanotubes did. With the in-
crease in temperature, the reinforcing effect from the MWCNTs
became more and more obvious, and in the high temperature
region, the MWCNTs almost showed the same reinforcing effect
Fig. 5. WAXD (left) and FTIR (right) proﬁles of PVDF and its nanocomposites.
Fig. 6. Temperature dependence of the storage modulus (left) and Storage modulus (right) for PVDF and its nanocomposites.
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nanocomposites showed a broad peak around 35 C, which corre-
sponds to the Tg of PVDF. No obvious change in the Tg was observed
by the addition of MWCNTs and bud-branched nanotubes. There
was a relaxation peak at about 20 C for PVDF, which should belong
to the a2 transition related to the amorphous region at the surfaces
of crystallites [27,28]. The addition of 5 wt% MWCNTs did not
change the a2 transition, but just made this transition peak lower
and broader. However, the addition of bud-branched nanotubes
made the a2 transition turn into a very broad plateau extending be-
tween 10 and 50 C.
4.4. Tensile creep behaviour
Typical curves of creep strain vs. creep time are shown in Figs. 7
and 8, respectively. The ﬁtted curves using the Burgers’ model (so-
lid line) and the Findley power law (dot line) are also included. The
modelled curves showed that both models well described the
creep behaviour of PVDF and its nanocomposites under each con-
dition, and the modelled parameters of PVDF and its nanocompos-
ites were listed in Tables 2 and 3. Both Burgers’ model and Findley
power low could ﬁt the whole creep experimental results, andcould be used to predict the long term creep behaviour. However,
Burgers’ model might over-emphasise the difference of the defor-
mation mechanisms from primary to secondary creep stage, which
caused the ﬁtting results in transition zone to be higher than the
experimental values. On the other hand, Findley power law ne-
glected the difference of deformation mechanisms for materials
between primary and secondary stages, which caused the ﬁtted re-
sults in transition zone to be lower than the experimental values.
This conclusion was coincidence with the report byWang and Zhao
[7].
According to the constitutive Eq. (2), the instantaneous modu-
lus of the Maxwell spring (Em) is time-independent and determines
the instantaneous elastic creep strain, which can be immediately
recovered on the removal of the stress and might be associated
with the elasticity of the crystallized polymer or regular chains
[4,7]. The ﬁtting parameters in Table 2 for pure PVDF showed that
Em was decreased with the increase in the stress level, which was
due to the non-linear stress–strain response of polymers even if
the applied stress is lower than the yielding stress of the material.
In the view of the micro-structure, this non-linear stress–strain re-
sponse is due to the imperfection of the crystalline micro-structure
[7]. The ﬁtting parameters in Table 2 for pure PVDF showed that Em
Fig. 7. Modelling results and the representative experimental creep data obtained at 23 C under different stress levels.
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the softening of the bulk materials at elevated temperature and the
stiffness was thus decreased with diminished instantaneous mod-
ulus. With the addition of 5 wt% MWCNTs, it was observed that Em
was higher than for PVDF under each condition. This was due to
the reinforcing effect by MWCNTs. However, the situation for the
bud-branched carbon nanotubes was much more complicated.
Compared with PVDF/MWCNTs composites, the Em for the compos-
ites containing MWCNTs decorated with metal particles was in-
creased under the stress levels tested. However, the higher the
stress level, the lower the increase. At the same time, it was ob-
served that at low temperature (23 C), the PCNB5 showed higher
Em than PCN5. However, with the increase in the temperature, the
PCNB5 had lower Em than PCN5.
The retardant elasticity Ek and viscosity gk in the Kelvin unit has
been associated with the stiffness and viscosity or ﬂow of amor-
phous polymer chains in the short term, respectively [4]. The ﬁt-
ting parameters listed in Table 2 for pure PVDF showed that both
Ek and gk were decreased signiﬁcantly with increasing stress level.
This indicated the fact that PVDF with relatively high bulk modulus
deformed little under low stresses. And this also showed that at
low stresses the Kelvin unit behaved with extremely high modulus
and the viscous ﬂow is very low compared with that at high stres-
ses. With increasing stress level, the orientation of amorphous
chains from elastic deformation and viscous ﬂow became greater,
leading to the reduction of Ek and gk. With the increase in temper-
ature, the ﬁtting parameters for PVDF listed in Table 2 showed that
Ek decreased sharply at ﬁrst, and then almost kept constant. For gk,
it also decreased sharply at ﬁrst, and then decreased slowly withthe increase of temperature. This was due to the enhancement of
the mobility of polymer chains with the elevated temperature,
which would make the matrix softer and the orientation move-
ment of amorphous chains easier. With the addition of 5 wt%
MWCNTs, it was observed that both Ek and gk were higher than
pure PVDF under each condition, except for gk at 80 C. The results
of DMA test (Fig. 6) did not show the restriction of the amorphous
polymer chains and an increase in Tgwith the addition of MWCNTs,
so the enhancement of Ek and gk might be associated with the net-
work structures formed by MWCNTs. The decrease of gk at 80 C
may be due to the relative slippage between the PVDF matrix
and carbon nanotubes. The situation for the MWCNTs decorated
with metal particles was different, and showed an enhancement
of the Ek and gk at low stress level and low temperature compared
with smooth carbon nanotubes. However, again with an increase in
the stress level and with increasing temperature, the positive effect
of the metal decoration of the MWCNTs on Ek and gk turned
negative.
The permanent viscous ﬂow gm indicates the creep behaviour of
the second creep stage. This has been associated with the damage
of crystalline polymer or oriented noncrystalline regions, such as
the pulling out of chain folds by a crystal slip process and the
breaking of intercrystalline tie molecules, and the irreversible
deformation of amorphous regions, such as the breaking of bridg-
ing segments, disengagement of the interface between ﬁllers and
polymer chains and the pulling out of chain entanglements [4].
The ﬁtting parameters listed in Table 2 for PVDF showed that gm
decreased with the increase of stress level and temperature. With
the introduction of 5% MWCNTs, it was observed that gm increased
Fig. 8. Modelling results and the representative experimental creep data obtained at 15 MPa and different temperatures.
Table 2
Creep parameters based on the ﬁtting of Burgers’ model for PVDF and its nanocomposites.
Sample Em (GPa) Ek (GPa) gm (1013 Pa s) gk (1012 Pa s) T (s) e (r, 1) (107)
PVDF 23 C
15 MPa 1.687 3.640 2.985 2.108 579.1 5.03
20 MPa 1.506 2.701 2.464 1.774 656.8 8.12
30 MPa 1.197 1.823 1.693 1.153 632.5 17.72
35 MPa 1.067 1.515 1.108 0.949 626.4 31.59
PCN5 15 MPa 1.931 5.363 3.845 2.418 450.9 3.90
20 MPa 1.792 4.177 3.778 2.593 620.8 5.29
30 MPa 1.539 2.835 2.839 1.825 643.7 10.56
35 MPa 1.343 2.148 2.006 1.275 593.6 17.45
PCNB5 15 MPa 2.183 5.846 4.608 2.788 476.9 3.26
20 MPa 1.946 4.214 3.752 2.583 612.9 5.33
30 MPa 1.644 2.910 2.671 1.897 651.9 11.23
35 MPa 1.355 2.064 1.979 1.248 604.7 17.69
PVDF 15 MPa
23 C 1.687 3.640 2.985 2.108 579.1 5.03
50 C 0.427 0.547 2.433 0.224 409.5 6.17
80 C 0.215 0.556 0.659 0.181 325.5 22.76
PCN5 23 C 1.931 5.363 3.845 2.418 450.9 3.90
50 C 0.584 1.145 2.509 0.241 210.5 5.98
80 C 0.270 0.725 1.296 0.155 213.8 11.57
PCNB5 23 C 2.183 5.846 4.609 2.788 476.9 3.25
50 C 0.501 1.085 2.350 0.271 249.8 6.38
80 C 0.266 0.657 1.173 0.131 199.4 12.79
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Table 3
Creep parameters based on the ﬁtting of Findley power law for PVDF and its
nanocomposites.
Sample e0 (100%) eF (100%) n
PVDF 23 C
15 MPa 0.709 0.085 0.270
20 MPa 1.002 0.150 0.270
30 MPa 1.753 0.360 0.261
35 MPa 2.302 0.394 0.296
PCN5 15 MPa 0.644 0.067 0.260
20 MPa 0.893 0.107 0.260
30 MPa 1.483 0.233 0.257
35 MPa 1.880 0.369 0.256
PCNB5 15 MPa 0.571 0.061 0.256
20 MPa 0.811 0.104 0.263
30 MPa 1.390 0.203 0.272
35 MPa 1.758 0.414 0.249
PVDF 15 MPa
23 C 0.709 0.085 0.270
50 C 3.260 0.780 0.169
80 C 6.754 0.558 0.234
PCN5 23 C 0.644 0.067 0.260
50 C 2.507 0.442 0.156
80 C 5.451 0.642 0.172
PCNB5 23 C 0.571 0.061 0.256
50 C 2.943 0.416 0.170
80 C 5.582 0.704 0.171
Fig. 9. Schematic for crystallites on the surface of MWCNT and MWCNT-B.
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decorated MWCNTs, the enhancement of the gm was observed at
low stress level and low temperature compared with smooth car-
bon nanotubes and with the increase of stress and temperature,
the beneﬁcial effect on gm decreased.
The ﬁtting parameters of the Findley power law are listed in Ta-
ble 3. The initial strain (time-independent strain) e0 in Table 3 for
PVDF showed that the instantaneous strain was increased with
increasing stress level and elevated temperature, which is in agree-
ment with the changes in Em. With the addition of 5 wt% MWCNTs,
it was observed that e0 decreased under each condition, which
showed the reinforcement effect by the MWCNTs. For the metal
particles decorated MWCNTs system, it was observed that e0 de-
creased under the different stress levels at 23 C compared with
the virgin carbon nanotubes. For the temperature effect, at low
temperature (23 C), the reduction of e0 was observed, while at ele-
vated temperature, an increase in e0 was observed compared with
the virgin carbon nanotubes. These results were in agreement with
the changes in Em. The time-dependent strain eF for PVDF increased
with the elevation of the stress and temperature, except at 80 C.
The addition of MWCNTs increased eF under each condition, except
at 80 C. With the use of decorated MWCNTs eF decreased under
increasing stress level and temperature, except at the highest
stress (35 MPa) and temperature (80 C).
5. Discussion
Creep is the time-dependent deformation of a material under
constant stress. Most amorphous polymers are found to be ther-
mo-rheologically simple at temperatures above Tg; therefore, the
time-temperature superposition principle has been used in the
study of their creep behaviour. However, for semicrystalline poly-
mers, the creep behaviour becomes complicated due to the com-
plex coupling between the crystalline phase and the amorphous
phase, and normally the time-temperature superposition principle
is not applicable. For semicrystalline polymers at the temperatures
well above Tg, if creep strain is limited to below the yield strain of
the material, the creep behaviour is principally controlled by thedeformation of the amorphous phase. Studies on high strength
HDPE ﬁbres show that creep at high stress is believed to be con-
trolled by the deformation of the crystalline phase [29].
With the incorporation of nanoﬁllers into polymers, improve-
ment in the creep resistance has been reported and several expla-
nations have been put forward. For PA66 with different types of
TiO2, Yang et al. [4,5] thought that the improvement was due to
the dense and stiff network formed between particles and bridging
segments that retard and restrict the mobility of polymer chains.
For poly(propylene) (PP)/MWCNTs, they thought load transfer
was a key factor in the improvement of the creep resistance [2].
Dorigato and Pegoretti [10] thought the reduction of the chain
mobility due to the presence of the silica contributed to the
improvement of the creep resistance for polymethypentene. The
work by Ranade et al. [18] showed that the improvement was cor-
related with the miscibility and dispersion of the montmorillonite
layered silicate (MLS) in polyethylene/MLS nanocomposites. Sata-
pathy et al. [6] reported the effective entanglement of the polymer
chains around the nanotubes by ‘polymer-wrapping’ or ‘polymer-
sheathing’ contributed to the improvement of creep resistance in
PP/MWCNTs nanocomposites.
In this research, from the DMA test, no signiﬁcant change in the
Tg was observed with the addition of MWCNTs. So the reduction of
the chain mobility should not be a strong contributor to the
improvement of the creep resistance. In addition to the factors
mentioned by Yang et al. and Satapathy et al., another factor may
contribute to the improvement of the creep resistance, namely,
the network structures formed by the MWCNTs. Because of their
high aspect ratio and good mechanical properties, the normal state
of MWCNTs is bent, and even at low loadings, some MWCNTs may
be in contact and form a physical network structure. This network
structure formed by MWCNTs would work in a similar way to the
crystal network, which would compensate for any decrease in the
crystallinity.
Another interesting ﬁnding in this research is the stress and
temperature dependence of the reinforcing effect of the metal par-
ticle decorated MWCNTs. It was shown that at low stress (less than
30 MPa) and low temperature (23 C), the decoration by metal par-
ticles on the surface of MWCNTs had a positive effect on the creep
resistance; however, at high stress levels (35 MPa) and elevated
temperature, the decoration lowered the creep resistance. A possi-
ble explanation is that this behaviour could be related to the local
disorder caused by the metal particles on the surface of MWCNTs,
which formed a less ordered and more compliant interfacial region
surrounding the MWCNTs than the PVDF with smooth carbon
nanotubes. Fig. 9 shows a schematic of the crystallites on the sur-
face of the MWCNT and MWCNT-B. For MWCNT, due to the nucle-
ating effect and the smooth surface, the PVDF molecular chains
would fold on the surface of the MWCNT regularly, pack tightly
and form highly ordered crystallites. However, for MWCNT-B, the
surface of the MWCNT is not smooth due to the attachment of me-
tal particles, and thus the PVDF molecular chains cannot fold on
the surface of the MWCNT regularly, and can just pack loosely
and form less ordered crystallites, especially for the local region
close to the buds area, where a more disordered structure forms.
This leads to the minor decrease in the crystallization temperature
and crystallinity after the MWCNTs had been decorated with metal
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the adjacent amorphous regions. This leads to the broadening of
a2 relaxation peak (Fig. 6) at about 20 C for sample PCNB5 as
the surfaces of the crystals becomes distorted. At low stress level
or low temperature, this interfacial region is not activated and the
metal particles act to anchor on the polymer to the surface of
the carbon nanotubes, which helps the load transfer, and restrict
the relative slippage between carbon nanotubes and PVDF matrix.
This contributes to the improvement in the creep resistance. With
elevated temperature or stress, this interfacial region is activated,
and the disorder in the surface layer will accelerate the relative
slippage between the PVDF matrix and carbon nanotubes, which
would worsen the creep resistance.6. Conclusion
The study demonstrated that the creep resistance of PVDF was
signiﬁcantly improved by the addition of carbon nanotubes, which
could therefore help the PVDF used in TCW technology. Decoration
of the carbon nanotubes with metal particles on the surface gave
changes to the creep resistance that were stress and tempera-
ture-dependent. This is due to the local disorder caused by the dec-
oration of the metal particles, which formed an interfacial region
around carbon nanotubes which was less rigid compared to the
carbon nanotubes without metal particle decoration. Burgers’
model due to the essential elements included, which can provide
effective information about the structure–property relations and
creep deformation mechanisms of materials, and Findley power
law due to the effectiveness in predicting the creep behaviour of
materials, were employed for ﬁtting. Both were found well de-
scribe the creep behaviour of PVDF and its nanocomposites, and
showed the potential to predict the long-term creep performance
of these materials. However, Burgers’ model might over-emphasise
the difference of the deformation mechanisms from primary to
secondary creep stage. On the other hand, Findley power law ne-
glected the difference of deformation mechanisms for materials
between primary and secondary stages.Acknowledgements
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Supplementary Information 
Creep is considered to occur by flow-units, which may be polymer chains, segments of chains or 
groups of segments of chains, slipping over one another from one (metastable) position to another 
when stress is applied. The kinetics of this event can be expressed by the Eyring-rate model. In 
other words, creep is due to a molecular motion that takes place within a specific volume passing 
over an energy barrier. The plateau creep rate is considered to be a function of stress, time and 
temperature, as shown by the Eyring-rate equation 
0 exp( )sinh( )p
U V
kT kT

 
 
                         (1) 
V is the activation volume, U is the activation energy.     applied stress,      is the plateau creep rate,  
the preexponential factor,     commonly known as the ‘availability of event sites’, is related to the 
fundamental jumping frequency for the flow units to bypass each other [7]. The Eyring model is 
introduced here due to its useful parameter of activation volume that may provide an indication of 
the underlying molecular mechanisms. The activated rate process may also provide a common basis 
for the discussion of creep behaviour[8]. Figures 3.2 and 3.3 show the fitting of the creep data to 
obtain the three parameters for Eyring-rate model. The fitting results of the activation volume and 
activation energy were listed in Table 3.1. The activation volume was obtained by fitting the strain 
rate against different stresses at fixed temperature (23 °C) and the activation energy was obtained 
by fitting the creep rate against reciprocal temperature at a fixed stress (15MPa). Figure 3.2 showed 
very good linear behaviour for the three samples. Calculated activation volume showed that the 
addition of MWCNTs (5 wt%) decreased the activation volume from 0.364 nm
3
 to 0.302 nm
3
. 
However, with the decoration of metal particles, the activation volume increased from 0.302 nm
3
 to 
0.338 nm
3
. This can support the conclusion that local disorder was caused by the metal particles on 
the surface of MWCNTs, which formed a less ordered and more compliant interfacial region 
surrounding the MWCNTs than the PVDF with smooth carbon nanotubes.  

p

0

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Figure 3.2 Fittings of the creep data to obtain the activation volume. 
For activation energy, the curve (Figure 3.3) did not show good linear for sample PVDF and PCN5, 
indicating not just a single Eyring process involved in the increasing temperature [9]. However, for 
sample PCNB5, good linear was observed for the fitting curves. And finally an equation 
2.8 22.41 0.33810 exp( )exp( )
2
p
kT kT

 

   was generated. This different behaviour could be due to the 
α2 transition. As shown in the DMA test, for pure PVDF, a strong α2 transition occurred, which 
suggested that there may not be just one single Eyring process. With the addition of MWCNTs, the 
α2 transition weakened, and the fitting curve showed less deviation for linear behaviour compared 
with pure PVDF. Especially for sample PCNB5, the α2 transition turned into a very broad plateau, 
and the fitting curve showed very good linear behaviour.  
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Figure 3.3 Fittings of the creep data to obtain the activation energy. 
 
Table 3.1 The fitting results of the activation volume and activation energy from Eyring-rate model. 
Sample Activation volume (nm
3
) Activation energy(kJ/mol) 
PVDF 
PCN5 
PCNB5 
0.364 
0.302 
0.338 
× 
× 
22.41 
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3.4 Conclusion  
Bud-branched nanotubes were fabricated successfully by growing metal particles on the surfaces of 
MWCNTs. The effect of the bud on the structures and properties of PVDF was investigated. Based 
on the results, the following conclusions can be generated. 
1. The rheological behaviour results showed that bud-branched nanotubes presented higher 
enhancement of the storage modulus than virgin carbon nanotubes. At the same time, the 
introduction of bud-branched nanotubes increased the normal force, while virgin carbon nanotubes 
caused little or no variation. The reason for these behaviours is suggested to be that the fixed buds 
on the MWCNTs distorted the strain field around the buds and nanotubes during the oscillations, 
which caused an additional source of stored elastic energy, and finally led to greater improvement 
of the elasticity and the increase of normal force. 
2. The results of DSC showed that there is no big difference in melting and crystallization curves 
for the bud-branched nanotubes and virgin carbon nanotubes. DMA tests showed that bud-branched 
nanotubes were much more efficient at increasing the storage modulus compared with the virgin 
nanotubes. Tensile tests showed the same conclusion for Young’s modulus. For bud-branched 
nanotube nanocomposites, a significant improvement in fracture toughness was observed compared 
with the virgin carbon nanotube nanocomposites. The significant improvement of fracture 
toughness is most likely due to the fixed particles on the surface of the nanotubes, which can 
perturb the propagation of the micro-cracks, thus causing a reduction in stress intensity and 
improving fracture toughness. 
3. The investigation of creep behaviour showed that creep resistance of PVDF was significantly 
improved by the addition of carbon nanotubes at different stress levels and temperatures. 
Decoration of the carbon nanotubes with metal particles on the surface gave changes to the creep 
resistance that were stress and temperature-dependent. This is due to the local disorder caused by 
the decoration of the metal particles, which formed an interfacial region around carbon nanotubes 
which was less rigid compared with the carbon nanotubes without metal particle decoration. Both 
the Burgers’ model and the Findley power law showed good agreement with the experimental 
results, which showed the potential to predict the long-term creep performance of these materials. 
However, the Eyring-rate model fitted well only for the PVDF sample with 5 wt% bud-branched 
nanotubes, but not for pure PVDF and PVDF with 5 wt% carbon nanotubes, which is due to the 
existence of the α2 relaxation peak for PVDF and PVDF with 5 wt% carbon nanotubes. 
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4. The PVDF with 5 wt% bud-branched nanotubes showed better creep resistance than PVDF with 
5 wt% virgin carbon nanotubes at low temperature and low stress level. However, at high 
temperature and high stress level, PVDF with 5 wt% virgin carbon nanotubes achieved better creep 
resistance. The creep strain at high stress levels and high temperatures was much larger than at low 
stress levels and low temperatures, which made the improvement at high stress levels and high 
temperatures more valuable and more important for its use in TCW technology. Therefore, PVDF 
with 5 wt% carbon nanotubes nanocomposites was chosen as the final modified PVDF to be used in 
TCW technology. 
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Chapter 4 The application of the modified PVDF by carbon 
nanotubes in TCW technology 
4.1 Introduction 
The TCW process involved two steps: one is co-curing and the other is welding. Figure 4.1 shows 
the schematic for the whole process.  
 
Figure 4.1 Thermoset composite welding (TCW)  precess flow. 
The TCW process incorporates the layup of one additional “ply” of thermoplastic film (TP film) on 
the surface of the carbon-epoxy laminate. Due to the good compatibility of the thermoplastic with 
epoxy resins, uncured components (monomer and harder) of the thermosetting matrix migrate into 
the thermoplastic during curing and as a consequence, a very strong interpenetrating polymer 
network (IPN) is established between the thermoplastic and thermosetting polymers [1]. After 
curing, the thermoplastic layer is very strongly bonded to the underlying carbon-epoxy laminate, 
and can be used as a functional surface to join thermoset composites in subsequent welding 
processes. The key to this technology is the formation of a strong interpenetrating polymer network, 
which offers significantly higher strength and fusion bonding possibilities.  
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4.2 Experiments 
4.2.1 Materials 
HexPly M21, epoxy matrix reinforced by carbon fibre T700GC with resin 35wt%, pregreg 
(provided by Hexcel corporation) was used. PVDF film (Kynar 740) with the thickness of 
125±5 m  was provided by Arkema. Modified PVDF film with 5wt% MWCNTs was fabricated by 
compression moulding at the temperature of 200°C with the thickness of 125±5 m . 
4.2.2 Single lap-shear test 
The lap-shear tests conducted in this research follow the EN 2243-1 ‘Structural adhesives test 
methods part 1 - Single lap-shear aerospace series’ test specification. Figure 4.2 shows the 
schematic of the lap-shear test sample, and corresponding parameters are listed in Table 4.1 Figure 
4.3 showed the lap-shear test, which was measured by an Instron 5584 universal testing machine. 
 
Figure 4.2 Schematic of lap-shear test sample. 
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Figure 4.3 lap-shear test. 
Table 4.1 Test parameters used in the lap-shear test. 
Parameter Value Unit 
Loading rate 3000 N/min 
Overlap 12.5 mm 
Width 25 mm 
Grip length >30 mm 
Free length 50±5 mm 
 
The shear strength can be calculated by  
F
R
L W


       (1) 
where: 
R: shear strength in Mpa, 
F: failing load in N, 
L: length of overlap in mm, 
W: width of overlap in mm. 
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4.2.3 Classification of failure type 
Based on the different types of failure, the following three  failure types are defined, and the 
schematics are shown in Figure 4.4. 
Type I: Failure occurs along the welding line. 
Type II: Failure occurs along co-curing interface and with the breakage of the TP film. 
Mixed failure: failure with Type I and Type II. 
 
Figure 4.4 Sketches representing failure types. 
4.2.4 Sample preparation 
Figure 4.5 shows the sample prepration. Thermoplastic film (PVDF film or modified PVDF film) 
was placed on the flat and clean surface of the curing tool as an additional “ply” (Figure 4.5a).  The 
pregreg was cut from the roll and layed up on the thermoplastic film (Figure 4.5b). Then normal 
bagging procedures were used (Figure 4.5c). Curing of the composites was then applied according 
to the recommended procedures and at the same time, co-curing occurred between the thermoplastic 
film and epoxy. The curing condition was strictly according to the suppliers recommendation. The 
fully cured panel was halved along the thermoplastic film (Figure 4.5e), which was welded face-to-
face with the PVDF film(Figure 4.5f). The stardandard welding cycle is shown in Figure 4.6 (Figure 
4.5g). The welded panel was cut for the lap-shear test (Figure 4.5h). The cut sample from left to 
right was labelled from 1 to 9 (Figure 4.5h). The sample welded with PVDF film using the standard 
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welding cycle was named CP. For comparsion, the sample welded with modified PVDF film was 
named CMP1. At the same time, sample CMP2, the sample welded with modified PVDF film at 
higher temperature (190°C) and longer welding time (30min) was prepared to examine the effect of 
the welding cycle on the joining properties for the modified PVDF film. Detail welding condition 
are shown in Table 4.2. 
 
Figure 4.5 The procedure for sample preparation. 
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Figure 4.6 TCW recommended welding cycle (standard welding cycle). 
Table 4.2 Welding condition for each sample 
Sample Welding condition 
CP Welding in the oven with the pressure of 1bar. Heat-up at 9.9°C/minute to 
185°C (± 5°C). Holding at 185°C (± 5°C) for 15 minutes. And then cool it to 
room temperature. 
CMP1 Welding in the oven with the pressure of 1bar. Heat-up at 9.9°C/minute to 
185°C (± 5°C). Holding at 185°C (± 5°C) for 15 minutes. And then cool it to 
room temperature. 
CMP2 Welding in the oven with the pressure of 1bar. Heat-up at 9.9°C/minute to 
190°C (± 5°C). Holding at 190°C (± 5°C) for 30minutes. And then cool it to 
room temperature. 
4.3 Results and discussion 
4.3.1 Tensile shear strength 
Figures 4.7, 4.8 and 4.9 show the lap-shear test for CP, CMP1 and CMP2. Calculations and their 
results are shown in Tables 4.3, 4.4 and 4.5. It was observed that the samples jointed using pure 
PVDF film showed excellent tensile shear strength, which was about 33MPa (table 4.3). For 
modified PVDF film with improved creep resistance, a significant decrease of the tensile shear 
strength was observed (table 4.4). However, it was observed that the modification of the welding 
condition improved the tensile shear strength significantly (table 4.5). Sample CMP2-8 in particular, 
exhibited excellent tensile shear strength, 26.5MPa. This may indicate that welding condition is the 
key factor for tensile shear strength for the modified PVDF. To determine the reason for those 
changes, fracture surface analysis was employed.  
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Figure 4.7 Lap-shear tests for sample CP (data supplied by Luigi-Jules Vandi). 
 
Figure 4.8 Lap-shear tests for sample CP1. 
 
Figure 4.9 Lap-shear tests for sample CP2. 
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Table 4.3 Tensile shear strength for sample CP. 
Specimen Maximum Load (kN) Tensile Shear Strength(MPa) Failure ratio: Type I/Type II 
1 10.42 33.00 0/100 
2 10.11 32.14 0/100 
3 10.37 33.09 0/100 
4 10.11 32.51 0/100 
5 10.52 34.03 0/100 
6 10.34 33.54 0/100 
7 10.24 33.29 0/100 
8 10.11 33.10 0/100 
Average Tensile Shear Strength 33.09 
Standard Deviation 0.58 
 
Table 4.4 Tensile shear strength for sample CMP1. 
Specimen Maximum Load (kN) Tensile Shear Strength(MPa) Failure ratio: Type I/Type II 
1 3508 11.55 83/17 
2 3295 10.98 88/12 
3 4633 15.10 50/50 
4 2877 9.66 99/1 
5 4773 15.55 45/55 
6 4043 13.53 63/37 
7 4941 16.18 40/60 
8 4082 13.35 65/35 
9 4315 13.87 60/40 
Average Tensile Shear Strength 13.31 
Standard Deviation 2.20 
 
Table 4.5 Tensile shear strength for sample CMP2. 
Specimen Maximum Load (kN) Tensile Shear Strength(MPa) Failure ratio: Type I/Type II 
1 5541 18.82 58/42 
2 4749 15.63 76/24 
3 5907 19.48 55/45 
4 5168 16.92 69/31 
5 4134 13.86 85/15 
6 3614 12.02 96/4 
7 4132 13.44 88/12 
8 8104 26.50 38/62 
9 6123 20.03 51/49 
Average Tensile Shear Strength 17.42 
Standard Deviation 4.43 
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4.3.2 Fracture surface 
Figures 4.10, 4.11 and 4.12 show the fracture surface for sample CP. Due to the similarity of the 
failures, the image of just one sample is presented. It was observed that sample CP presented type II 
failure, which showed that the failure occurred along the co-curing interface and with the breakage 
of the PVDF film. Tabulated results in table 4.3 showed that no type I failures occurred. The PVDF 
close to the co-curing surface experienced dramatic plastic deformation, and PVDF fibres can be 
observed (area a and c in Figure 4.11). Breakage in the PVDF film also occurred (area b in Figure 
4.11). Back-scattered electron (BSE) images confirmed it further. As mentioned before, the BSE 
images of the SEM test can provide information about the distribution of different elements in the 
sample. In this research, the chemical elements for PVDF and epoxy were very different. Therefore 
BSE images can be used to identify PVDF and epoxy. The BSE image showed that plastic 
deformed PVDF (white region) can be observed on the failure surface of composites (Figure 4.12), 
indicating that good interaction existed between the epoxy and PVDF film. This may be due to the 
interpenetration network (IPN) structures formed between epoxy and PVDF. However, no epoxy 
can be observed on the failure surface of the PVDF.   
 
Figure 4.10 Typical fracture surfaces for CP. 
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Figure 4.11 SEM image for the fracture surface of CP. 
 
Figure 4.12 SEM image for the fracture surface of CP (BSE). 
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Figures 4.13, 4.14 and 4.15 show the fracture surface for sample CMP1. Due to the dissimilarity of 
the failures, detailed fracture surfaces of sample CMP1-4 (the lowest tensile shear strength, Figure 
4.13) and CMP1-7 (the highest tensile shear strength, Figure 4.14) are presented. It was observed 
that sample CMP1 presented mixed failure with type I and type II, and results from table 4.4 
showed that the more the type I failure, the worse the tensile shear strength. Sample CMP1-4 
presented almost complete type I failure, and just a tiny amount of type II failure occurred (area a or 
d in Figure 4.14). For the failure surface of the welding interface, it was observed that modified 
PVDF presented no plastic deformation, or just minor plastic deformation, indicating poor 
interaction for the welding interface (area b and c in Figure 4.14). However, plastically deformed 
PVDF can be observed for the failure surface on the composites (co-curing interface, area d in 
Figure 4.14). Sample CMP1-7, presenting less type I failure (about 40%), showed much higher 
tensile shear strength than that of sample CMP1-4. Area a in Figure 4.15 showed the fracture 
surface for type II failure, and area b in Figure 4.15 showed the fracture surface for type I. Area c in 
Figure 4.15 showed the image for the failure of the modified PVDF film. The detailed information 
was similar to sample CMP1-4. 
 
Figure 4.13 Typical fracture surface for CMP1. 
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Figure 4.14 SEM image for fracture surfaces of CMP1 (sample 4). 
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Figure 4.15 SEM image for fracture surfaces of CMP1 (sample 7). 
Sample CMP1 presented mixed failure with type I and type II. Type I dominated the failures, and 
the welded samples showed poor tensile shear strength. To improve the properties, the welding 
condition was adjusted and higher temperatures and longer welding times were used for sample 
CMP2. Results showed that the tensile shear strength increased after the modification of welding 
conditions (table 4.5), especially for CMP2-8, the tensile shear strength of 26.5MPa was achieved. 
Figures 4.16, 4.17, 4.18, and 4.19 show the fracture surface for sample CMP2. The detailed fracture 
image of two samples, CMP2-6 (the lowest tensile shear strength, Figure 4.17) and CMP2-8 (the 
highest tensile shear strength, Figure 4.18 and 4.19), are presented here. It was observed that sample 
CMP2 still presented mixed failure with type I and type II (Figure 4.16). However, the type II 
failure played a more important role. For the failure surface of the welding interface, the results 
showed an image similar to sample CMP1, but with a little more plastic deformation, indicating 
better interaction (area c in Figure 4.17 and area a in Figure 4.18). For sample CMP2-8, the failure 
surface of the co-curing interface (area a in Figure 4.17 and area c in Figure 4.18) showed a similar 
 82 
 
image to the pure PVDF (area a and c in Figure 4.11), which showed that the modified PVDF close 
to the co-curing surface experienced dramatic plastic deformation, and the BSE image further 
confirmed the existence of the plastically deformed PVDF (white region) (area b in Figure 4.19). 
This indicated that a similar interpenetration network formed for the modified PVDF film. Another 
interesting finding is that there was epoxy on the failure surface of the modified PVDF film from 
the co-curing interface (area a in Figure 4.19), but it could not be found for pure PVDF film. This 
may indicate better interaction for the co-curing interface for the modified PVDF compared with 
pure PVDF. For the failure surface of the welding interface, the modified film presented more 
plastic deformation compared with sample CPM1, which is due to the improved interaction by the 
increase of the welding temperature and time.  
 
Figure 4.16 Typical fracture surface of CMP2. 
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Figure 4.17 SEM image for fracture surfaces of CMP2 (sample 6). 
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Figure 4.18 SEM image for fracture surfaces of CMP2 (sample 8). 
 
 
Figure 4.19 SEM image for fracture surfaces of CMP2 (sample 8, BSE). 
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4.4 Discussion 
It was observed that for the modified PVDF film with carbon nanotubes, a failure from Type II to 
mixed failure with Type I and Type II occurred, and presented worse joining properties compared 
with the pure PVDF film prepared by the same condition. However, the fracture surface of the co-
curing interface and microscopy of the co-curing interface showed similar images for pure PVDF 
film and modified PVDF film, indicating that the modification did not change the interpenetration 
structure between PVDF and epoxy. The decrease in tensile shear strength could be due to the poor 
welding interface for the modified PVDF film. As shown previously, the elasticity of the polymer 
melt would increase with the addition of carbon nanotubes, especially at low frequency. Normally, 
at the thermoplastic-thermoplastic interface, the chains are physically separate. To re-establish the 
interpenetrated structure of the virgin state, melt diffusion to a distance of at least the radius of 
gyration Rg is necessary. This process involves the interaction of the polymer chains, which 
includes relaxation, motion and diffusion of the chains across the interface [2, 3]. In this research, 
for the modified PVDF film, the increase of elasticity by the addition of carbon nanotubes would 
restrict the diffusion of the PVDF chain, which would increase the barrier for the polymer chains 
breaking the interface and forming the entanglement structure. Therefore, with the same welding 
condition, the modified PVDF film presented a weak welding interface compared with pure PVDF. 
This conclusion can be supported by the finding that with higher temperatures and longer welding 
times, a better welding interface was achieved, and improved tensile shear strength was observed. 
This showed that better properties can be achieved with further modification of the welding 
procedure. Like sample CMP2-8, still about 38% area presented type I failure, which showed the 
room for further improvement.  
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Chapter 5 Conclusion and future work 
5.1 Conclusions 
The present investigation has focused on PVDF and its modification by the introduction of 
nanofillers, which will not only contribute to the PVDF used in TCW technology, but also help us 
understand better the fundamental issues for nanocomposites. Based on the results, the following 
conclusions can be drawn. 
1) The investigation of PVDF using nanoindentation showed that due to the nature of 
thermoplastics, a focus on the creep properties of PVDF when used in TCW technology is required, 
and the improvement of the creep resistance would greatly benefit the use of PVDF in TCW 
technology. 
2) The addition of nanofillers showed their efficiency in improving the properties of PVDF, 
especially for creep resistance. Among the different types of nanofillers, carbon nanotubes were 
shown to be the best choice to reinforce PVDF. This is due to their efficiency in improving creep 
resistance with simplicity and fewer possible side-effects when used in TCW technology. 
3) A high aspect ratio is one of the most important properties of nanofillers when used to reinforce 
polymers. This should be seriously considered during the fabrication of nanocomposites. The 
aggregation of the nanofiller will definitely cause deterioration in the properties of nanocomposites, 
and the poor dispersion would be detrimental to the failure of nanocomposites. The efficient stress 
transfer from polymer matrix to nanofillers is another key factor for the improvement of the 
properties of nanocomposites and this can be achieved by the improvement of interaction between 
polymer matrix and nanofillers or the formation of micromechanical interlocking effects. A balance 
of the above factors will be the key factor to achieve high performance polymer nanocomposites. 
4) The tensile creep behaviour for PVDF and its nanocomposites with carbon nanotubes and bud-
branched nanotubes at different stress levels and temperatures further confirmed their efficiency to 
improve creep resistance for PVDF. Simulation showed that two well-known models: the Burgers’ 
model and the Findley power law can be used to predict long term creep behaviour for PVDF and 
its nanocomposites. However, the situation was different when using the Erying-rate model.  
5) Failure occurred in the welding interface for the modified PVDF when the sample, prepared with 
the same procedure used for pure PVDF, resulted in worse performance for the modified PVDF 
used in TCW technology. This is due to the increase of the elasticity for PVDF molecular chains 
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with the addition of carbon nanotubes, which leads to a weaker welding interface for the modified 
PVDF compared with pure PVDF. The similar fracture behaviours and microscopy images for the 
co-curing interface between PVDF and modified PVDF showed that modified PVDF with 5 wt% 
carbon nanotubes has the potential to achieve similar performance in TCW technology compared 
with pure PVDF if the problem of the weak welding interface is solved. The improved creep 
resistance for modified PVDF would have the advantage of replacing pure PVDF used in TCW 
technology. 
5.2 Recommendations for Future Work 
The observations and the conclusions that were made in this PhD thesis can lead to several potential 
future works. 
1) In this research, modified PVDF with improved creep resistance was produced. However, the 
weaker welding interface prepared by the standard procedure for pure PVDF restricted its 
performance in TCW technology. Therefore, the improvement of the welding interface for the 
modified PVDF would increase its performance in TCW technology. The increase in the welding 
temperature and time used in this research showed improved performance for the modified PVDF 
used in TCW technology. Further optimisation can be achieved by increasing the welding 
temperature and time, or welding pressure etc. Local heating techniques can also be employed. The 
solving of the weak welding interface for modified PVDF should enable it to be used in TCW 
technology. 
2) The toughening effect observed for PVDF nanocomposites using bud-branched nanotubes may 
show a new way to toughen brittle polymers. In this research, PVDF is ductile, so the toughening 
effect is not so important. However, if a similar effect could be found in brittle polymers, like epoxy, 
PMMA etc., that will be meaningful. Nowadays, the most mature way to toughen brittle polymers is 
by adding rubber, which indeed leads to improved toughness; however, the cost is the decrease of 
stiffness and strength. The control of the propagation of the micro-cracks and the possibility of 
inducing multi-crazes or multi-cracks by bud-branched nanotubes has the potential to increase the 
fracture toughness of brittle polymers. At the same time, due to the reinforcement effect of the 
carbon nanotubes, improvement of stiffness and strength can be expected. The improvement of 
fracture toughness and strength simultaneously would be a breakthrough in the area of toughening 
brittle polymers.   
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Appendix A 
The viscoelastic behaviour of PVDF characterised by 
nanoindentation 
The aim of this chapter is to investigate the viscoelastic behaviour of PVDF using nanoindentation. 
As discussed in the introduction, PVDF can be used in TCW technology. Information regarding the 
viscoelastic behaviour for PVDF is very important for its application in TCW technology. 
Nanoindentation provides a good option for this purpose. The advantage of nanoindentation is that 
this test can tell the local information for the materials, which can better reflect the intrinsic 
properties of the materials than the traditional macro-test, which may be affected by factors such as, 
purity of the materials, sample size and shape etc. Therefore, the viscoelastic behaviour of PVDF 
was characterised using a nanoindentation test. To better understand the viscoelastic properties, 
another two different kinds of polymer: poly(methyl methacrylate) (PMMA, amorphous polymer), 
and epoxy (cross-linked polymer), were investigated for purposes of comparison.  The results in the 
discussion showed that creep behaviour would be a serious concern for PVDF used in TCW 
technology, and the improvement of creep resistance would be of great benefit for PVDF used in 
TCW technology. Appendix is included as it appears in Journal of Applied Polymer Science, 
2011, 122, 885-890.  
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ABSTRACT: The effect of loading force, loading rate and
unloading rate on the viscoelastic behavior of three repre-
sentative polymers: poly(methyl methacrylate) (PMMA,
amorphous polymer), polyvinylidene fluoride (PVDF, semi-
crystalline polymer), and epoxy (crosslinked polymer) have
been investigated using nanoindentation. The results
showed that the maximum indentation depth increased
with the increase of loading force, and the relationship
between loading force and depth became linear when the
loading force is beyond 3000 lN. At the beginning, the
plasticity index changed substantially with the increase of
loading force, and after reaching a critical loading force, the
plasticity index almost remained constant. The maximum
indentation depth decreased with the increase of loading
rate, which followed a power law curve. With the increase
of loading rate, a plasticization phenomenon happened,
and a possible reason is that the heat may accumulate and
raise the local temperature. The plasticity index initially fol-
lowed the power law with the increase of unloading rate
and then almost remained constant. A constant, the change
rate of viscoelastic properties with the unloading rate, for
the three representative polymers studied in this research,
around 0.033, has been obtained, which may be another
manifestation of the phenomenon that many polymers have
similar time/temperature shifts and that their WLF equa-
tion constants are approximately the same. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 122: 885–890, 2011
Key words: nanoindentation; viscoelastic behavior;
plasticization
INTRODUCTION
Nanoindentation has been proven to be an effective
and convenient method to determine the mechanical
properties of solids, most notably, elastic modulus
and hardness. The method is based on the analysis
of the unloading load–displacement response which
is assumed to be elastic, even if the contact is elas-
tic–plastic, which means plasticity occurring instan-
taneously upon satisfaction of a constitutive criterion
and that there are no time-dependent effects.1,2 A
typical nanoindentation test provides load-depth
data, which are the deformation responses of a
material.3,4 The possibility to test thin films, coatings,
and small structures, as well as the possibility of
mapping mechanical properties and subsequently to
link them to morphology and processing conditions,
makes the nanoindentation test a fundamental tool
in polymer science.5–9
However, the use of nanoindentation for nano-
scale mechanical characterization of polymers is
hampered by the principal assumption of most theo-
ries that the behavior of the material during unload-
ing is elastic only, while actually for most polymers
and testing conditions, it is strongly influenced by
viscoelasticity.5,10 Cheng et al.11,12 showed that the
Oliver and Pharr method cannot be used to correctly
evaluate the contact area in the presence of the
viscoelastic deformation. Ngan et al.13,14 and Cheng
et al.11,12 have proposed novel procedures to deter-
mine the initial unloading slope, which can be reli-
ably applied to both linearly viscoelastic materials
and nonlinear viscoelastic materials. Their results
showed that fast unloading is essential in determin-
ing the instantaneous modulus from initial unload-
ing slope too. It is obvious that the visoelastic behav-
ior is related with the test procedure, which makes
the research on the viscoelastic behavior of polymer
during nanoindentation test become an important
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topic. It not only contributes to the application for
nanoindentation testing of polymers, but also pro-
vides important information about polymer visco-
elastic behavior, especially on the nanoscale.
Tranchida et al.15 reported the viscoelastic recov-
ery behavior following atomic force microscope
nanoindentation of semicrystalline poly(ethylene)
and showed that the recovery after 24 h was sub-
stantial, although not completed. Moreover, the
dynamics of the recovery process was not seen to
depend on the magnitude of the applied load for the
nanoindentation, but instead on the rate of the
indentation used. Wornyo et al.16 studied shape
memory polymer networks by nanoindentation and
examined the small-scale deformation and thermally
induced recovery behavior of shape memory poly-
mer networks as a function of crosslinked structure.
Zhou et al.17 studied the surface and interface visco-
elastic behaviors of thin polymer films by nanoin-
dentation and reported the existence of three
regimes of different viscoelastic behaviors demon-
strated by the stiffness variation across the film.
They also studied the nanoscale plastic deformation
and fracture of polymers by in situ nanoindentation.
The study of the indentation-induced plasticity dur-
ing loading and the significant recovery of the
deformed polymer upon unloading provided the
insight into the nanoscale viscoelastic and plastic
behavior. This study also provided information on
the evolution of nanoscale viscoelastic–plastic defor-
mation and fracture–delamination processes at poly-
mer surfaces during the loading and unloading
phases of a nanoindentation cycle.18
In previous research, most works just focus on
one type of polymer. However, in this research, the
nanoscale deformation and recovery behavior of
three representative polymers: poly (methyl methac-
rylate) (PMMA, amorphous polymer), polyvinyli-
dene fluoride (PVDF, semicrystalline polymer), and
epoxy (crosslinked polymer) were investigated by
nanoindentation to highlight the inherent phenom-
ena of the polymer viscoelastic behavior and to help
understand the application of nanoindentation in
nanoscale mechanical characterization of polymers.
EXPERIMENTAL
Materials
The materials used in this study were three repre-
sentative commercial polymers, including PMMA
(amorphous polymer, Altuglas, Arkema, commercial
product), PVDF (semicrystalline polymer, Kynar 741,
commercial product), and epoxy (crosslinked poly-
mer, LECO, produced according to the recommenda-
tion procedure).
Nanoindentation
Nanoindentation tests were performed on a Tri-
boIndenter (Hysitron, USA). A Berkovich diamond
indenter of tip radius of 100 nm was used. Before
the test, the air indent calibration, tip area function
calibration, and machine compliance calibration
have been done on fused silica. In-built function of
the instrument to measure and correct the drift has
been applied. The resolutions of the loading and
displacement of the systems are 1 nN and 0.002 nm,
respectively. All the tests were conducted at room
temperature (25C 6 1C). At least three points have
been done, and if the repeat is not good, more
points have been test until a reasonable data have
been obtained. Indentations have been performed in
a wide range of experimental conditions. Seven
different loading force (500, 1000, 2000, 3000, 4000,
5000, and 8000 lN), six loading rates (20, 50, 200,
500, 1000, and 2000 lN/s), and six unloading rates
(20, 50, 200, 500, 1000, and 2000 lN/s) were used.
Figure 1 shows the representative nanoindentation
curves. During indentation, the applied load and the
tip displacement are continuously recorded. From
such data, mechanical properties, such as the elastic
modulus or the yield stress of the materials, can be
extracted using various methods, depending on the
deformation regime and tip geometry. In all indenta-
tion analysis models, the estimated accuracy of
mechanical properties is strongly related to an
accurate determination of the contact between the
indenter tip and the material surface.19 The contact
mechanics become very important, and a lot of
researches have been done and some theoretical
models on the rate effects of contact mechanics for
viscoelastic solids have been put forward.20–26
To simplicity, in this research, we use the plastic-
ity index to quantify the visoelastic properties of the
polymer. The plasticity index, w, of a solid body is
Figure 1 Representative nanoindentation curves of the
load and unload-depth curve (this curve is from PVDF).
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usually used to characterize the relative plastic/elas-
tic behavior of the material when it undergoes exter-
nal stresses and strains. For the case of polymeric
material, one of the definitions for the plasticity
index is the ratio of the area encompassed between
the loading and unloading curves (equals to plastic
work and other loss terms such as internal friction
during the indentation) to the total area encom-
passed under the loading curve (total work includ-
ing the plastic work and viscoelastic recovery). It
follows that w ¼ 1 for a fully plastic deformation,
w ¼ 0 for a fully elastic case, and 0 < w < 1 for
viscoelastic–plastic behavior.27–29
RESULTS AND DISCUSSION
Effect of the loading force
Figure 2 shows the effect of loading force on the
maximum depth. It can be seen that the maximum
depth increased with the increase of loading force. It
is easy to understand that the higher the force, the
larger the deformation, and thus the larger the pene-
tration depth. Another phenomenon was that the
maximum depth increased linearly with the increase
of the loading force when the loading force was
over 3000 lN. In the loading range between 3000
and 8000 lN, the slope for PMMA was 0.095
(60.003) and the linear regression coefficient (R2)
was higher than 0.998. For PVDF and epoxy, the
slopes were 0.129 (60.004) and 0.128 (60.005),
respectively, and the linear regression coefficient
(R2) both were higher than 0.996. The linear relation-
ship between load and penetration after the very
first region of the loading force curve is very inter-
esting, and especially this phenomenon is observed
for all three representative polymers. The reason for
this is not clear yet, and more detail research for this
will be investigated in future work.
Figure 3 shows the effect of the loading force on
the plasticity index. It is obtained that at the begin-
ning the plasticity, index changed substantially with
the increase of loading force, but after reaching a
critical loading force, the plasticity index remained
almost constant. The critical loading force in this
research was 5000 lN for PMMA, 4000 lN for
epoxy, and 3000 lN for PVDF. The reason for this
may lay in the fact that the critical loading force
corresponded to large deformation. For small defor-
mation, there are many factors affecting the test
results such as (1) surface macromolecules respond
much faster to mechanical stimulus than bulk
macromolecules because of less entanglement inter-
actions in the near-surface region17; (2) properties of
the polymer. For example, there are linear visco-
elastic region, nonlinear viscoelastic region, yield,
and even double yielding for some polymers during
tensile test30–36; (3) the change of the contact area
between indenter and the polymer.37 That is why it
is observed that plasticity index changed a lot
during low-loading force stage (corresponding small
deformation). However, all these factors will become
negligible or almost remain constant during large
deformation. In that situation, the deformation of
polymers is mainly affected by the reduced mobility
of the molecular chains (entanglement effect),17 and
the plasticity index almost remains constant.
Effect of the loading rate
The trend of the maximum depth for the three poly-
mers used in this research decreased with the
increase of loading rate, as shown in Figure 4, which
Figure 2 The effect of loading force on the maximum
depth (loading rate, 200 N/s, unloading rate, 200 N/s).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
Figure 3 The effect of loading force on the plasticity
index (loading rate, 200 N/s; unloading rate, 200 N/s).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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followed the power law. Tranchida et al.10 also
reported the same trend for several poly(ethylene)
samples with a broad range of morphologies.
Figure 5 presents the effect of loading rate on the
plasticity index. It is interesting to note that the plas-
ticity index increased with the increase of loading
rate, which is against the observation obtained in
tensile test. Normally, the viscoelastic behavior of a
polymer is sensitive to the strain rate. For example,
the study of the tensile deformation behavior of
polymeric materials has been the subject of numer-
ous investigations in a number of publications,
and the extensive work has established that both
the testing temperature and the strain rate are
the crucial factors in determining the deformation
characteristics of polymers.38,39
It is well known that the Eyring formalization40
for thermally activated rate processes has been the
most largely used model for clarifying the yield
mechanism of glassy and semicrystalline polymers.
A detailed investigation for the yielding behavior of
PMMA and polycarbonate over a wide range of
strain rates and temperatures by Roetling41 and Bau-
wens42 has shown that the yield stress increases
more rapidly with increasing strain rate and decreas-
ing temperature at low temperatures and high strain
rates than at high temperatures and low strain
rates.38 Thus, it seems that the higher loading rate
leads to higher strain rate, which should result in
higher elasticity. However, in this work, the results
showed that high loading rate did not lead to high
elasticity, but on the contrary, high plasticity, at least
for the three representative polymers used here,
PMMA (amorphous polymer), PVDF (semicrystalline
polymer), and epoxy (crosslinked polymer) are
under the investigation condition in this research.
The reason for this phenomenon is not clear yet.
A possible mechanism is that the plasticity is from
the increase of the local temperature. It is known
that the work expended in deforming and fracturing
of the solid can be stored internally, used for gener-
ating new surfaces, or dissipated, usually in the
form of heat. If some of the work is dissipated as
heat and the deformation process is sufficiently tran-
sient, so that thermal conduction does not have time
to occur, a local increase in temperature may
occur.43 Polymer dissipates heat much more slowly
than metal.44,45 So, during the test, the heat may
accumulate and results in the increase of local tem-
perature. As mention before, the deformation for
polymer is sensitive to temperature, and so plasticity
will happen. Higher loading rate means less time
available for the heat dissipation, will lead more
heat accumulation, and eventually result in higher
plasticity index.
Effect of the unloading rate
Figure 6 demonstrates the effect of unloading rate
on the plasticity index. For all three polymers stud-
ied here, the plasticity index initially followed power
law with the increase of unloading rate and then
almost remained constant. It can be seen that the
plasticity index was sensitive to the unloading rate,
which was indicative of the viscoelasticity of the
materials during unloading process. This result fur-
ther verified that indeed the use of nanoindentation
for nanoscale mechanical characterization of poly-
mers is hampered by the principal assumption of
most work that the behavior of the material during
unloading is elastic only, while actually for most
polymers and testing conditions, it is strongly influ-
enced by viscoelasticity.5 And here, higher unload-
ing rate and higher elasticity support the conclusion
Figure 4 The effect of loading rate on the maximum
depth (loading force, 2000 N, unloading rate, 200 N/s).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
Figure 5 The effect of loading rate on the plasticity index
(loading force, 2000 N, unloading rate, 200 N/s). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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by Cheng et al.11,12 that fast unloading is essential in
determining the instantaneous modulus from initial
unloading slope. The linear regression coefficient
(R2) of all three polymers was higher than 0.99. It
was found that the slope (the change rate of visco-
elastic properties with unloading rate) was 0.032
(6 0.001) for PMMA, 0.033 (6 0.002) for PVDF,
and 0.033(6 0.001) for epoxy when the unloading
rate was lower than 500 lN/s. It was interesting to
note that the change rate of viscoelastic properties
with unloading rate for the three so different kind of
polymer in this research was almost the same,
around 0.033.
During the loading process, elastic energy has
been stored in the sample. Although this stored
energy will have both a time-dependent and a time-
independent component. Findley et al. and Goldman
et al.46–48 have reported that recovery after hydro-
static compression was complete and occurred very
rapidly, practically simultaneously with the removal
of the pressure. Although the deformation during in-
dentation is somewhat different from hydrostatic
compression, the deformation is largely compressive
and constrained, and so it is probable that the stored
elastic energy is released relatively quickly during
unloading, that is, in the time frame of the unload-
ing process. If this was not the case, then with
increasing unloading rate, more of the time-depend-
ent elastic energy would not be recovered during
unloading, and the measured plasticity index would
be higher than expected and increase with unload-
ing rate. At the same time, other time-dependant
viscoelastic behavior may occur during the unload-
ing process, such as creep. At low unloading rates,
the material is under high loads for a reasonable
length of time, which allows time for further time-
dependent elastic and plastic deformation to occur.
This will increase the plasticity index at low unload-
ing rates, but the effect will decrease with increasing
unloading rate. If the sample is unloaded faster than
the time required for the molecular relaxations to
occur, then creep deflection will be very low, and
the plasticity index will flatten out. So it can be
obtained that for polymer, it is the creep behavior
resulted from the hold force during unloading domi-
nate the viscoelastic properties. It is interesting to
note that the point where the plasticity index flattens
out in Figure 6 depended on the type of polymer. It
occurred at a higher rate for the epoxy than the
PMMA, which is consistent with the more con-
strained large-scale molecular motions in the cross-
linked epoxy than the linear PMMA. PVDF is a
semicrystalline polymer, the chains of which in the
amorphous regions are entangled and form a net-
work, which acts together with the skeleton of
lamellar crystallites, and both together hold the
applied force,49–51 and so the time dependence of its
plasticity index levels out at an intermediate rate
between the epoxy and the PMMA. The slope of the
plasticity index versus log unloading rate is similar
for the three polymers of this study. This may be
another manifestation of the phenomenon that many
polymers have similar time/temperature shifts and
that their WLF equation constants are approximately
the same.
CONCLUSIONS
A study of the viscoelastic behavior of three typical
polymers, PVDF, PMMA, and epoxy, has been car-
ried out by nanoindentation test. The main conclu-
sions were as follows:
1. The maximum depth increased with the
increase of loading force, and the relationship
became linear when the loading force was
beyond 3000 lN. In the beginning, the plastic-
ity index changed significantly with the
increase of loading force; however, after a criti-
cal loading force, the plasticity index almost
remained constant.
2. The maximum depth for the three polymer
materials decreased with the increase of load-
ing rate, and the relationship between maxi-
mum depth and loading rate can be described
using a power law. The plasticization phenom-
enon occurred during test, that is, the plasticity
index increased with the increase of loading
rate, and a possible reason for this phenom-
enon is that the heat may accumulate and
result in the local temperature increase.
3. The plasticity index followed the power law
with the increase of the unloading rate, and
Figure 6 The effect of unloading rate on the plasticity
index (loading force, 2000 N, loading rate, 200 N/s).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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then it almost remained constant, and the creep
behavior resulted from the hold force during
unloading dominate the viscoelastic properties
during unloading process.
4. A constant, the change rate of viscoelastic
properties with unloading rate for the three
typical polymers used in this research, around
0.033, has been observed, which may be
another manifestation of the phenomenon that
many polymers have similar time/temperature
shifts and that their WLF equation constants
are approximately the same.
The authors thank the Arkema for the supply of PVDF.
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